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Executive Summary

This project proposes the use of a new modular multilevel matrix converter for wind power applications.
This modular approach allows the module size to be optimized with power semiconductor devices that
have the best combinations of high performance and low cost. Multilevel switching reduces system
switching loss and improves converter efficiency in the low wind speed conditions where typical variable-
speed wind turbines commonly operate. In addition, the multilevel modular approach is well suited for
scaling up to future wind farm applications that require the converter to interface with medium (4160 V)
voltage AC.

The goal of this project was to develop the fundamental theory and practice of the multilevel matrix
converter approach and to demonstrate a working scale model in the laboratory. This report documents
the results and include several key contributions briefly described below.

Although the operation of a three-phase converter containing many modules initially appears to be quite
complex, we show the converter operation can be understood through adaptation of the well-known space
vector approach. In addition, we show how this approach is well suited to low-cost implementation using
modern digital hardware, including field-programmable gate arrays (FPGA’s), and flash memory lookup
tables. Because the modular approach also employs simple, well understood power-stage circuits such as
H-bridge circuits, the key issue is control rather than operation of the power stage. The theory and
practice of this control are the key contributions of Part I of this report.

The controller performs two basic functions. First, it commands the switch modules to synthesise the AC
input and output waveforms. Second, it balances the stresses between the modules; in the case of
multilevel converters, this requires regulation of multiple switch module capacitor voltages. For paralleled
converter modules, balancing of module currents may also be required. Part I of this report shows how the
space vector control approach can be applied to solve both of these issues. It also documents the hardware
implementation and laboratory verification of this proposed approach. Specifically, it describes the
algorithms for both two-level and three-level synthesis of the AC waveforms. It proposes that the
converter low-wind efficiency be improved by switching to three-level operation when the generator
voltage output is low. Also, a capacitor voltage-balancing algorithm is developed and experimentally
demonstrated that balances the internal capacitor voltages of all nine switch modules in the proposed
modular converter system. This algorithm is based on an extension of the space vector modulation
approach, and its stability is proven by Lyapunov theory. A laboratory prototype design is extensively
documented; this prototype vindicates both the practicality of the control approach with up-to-date digital
hardware and the correctness of the underlying theory.

Part II of this report demonstrates how to obtain torque control of the generator and power factor control
of the utility-side output of the converter. It describes small-signal and large-signal averaged models of
the proposed converter. These models are transformed to the d-g domain, and hence they are well suited
for both converter space-vector control and generator field-oriented control. Part II also investigates
multivariable control systems based on both the pole placement approach and the optimal control
approach and finds that the optimal control approach is superior for this application. A gain scheduling
algorithm leads to good performance over a wide range of operating points. This controller is added to the
laboratory prototype of Part I, and is shown to provide both control of the converter terminal current
magnitudes and power factors as well as the average capacitor voltage.

Listings of FPGA, flash memory, and microcontroller code, as well as several tables of the underlying
modular matrix converter theory, are included in the appendices.

iii



iv



Contents

1 INTRODUCGCTION .....cooeieieeeeeeemesnssnsssssssssssssssssssssssssssssssssssssssssssssnssnsnsnsssnnsnnnnnnnnns 1
1.1 OVERVIEW OF WIND TURBINE SYSTEMS 1
1.1.1 Ideal Characteristic of Wind Turbine CONVEISION. .........cciiiruiiriiriirienieeie ettt 2
1.1.2 Wind Turbine CONfiGUIALIONS ........eeriierieiiiierieerieete ettt ettt st e s beesbeesbeesabeesabeesaseesaseennnes 2
1.2 OVERVIEW OF THREE-PHASE AC-AC CONVERTERS 4
1.2.1 LY Vi D O] 1 <) SRR 5
1.2.2 Multilevel DC-LANK CONVETTET .....cccutiiiriiiriieiietieiteeitentteteete st sttt ettt sttt e bt et et sbsesbeenbeesbeenaesaaesae 8
1.2.2.1  Diode-Clamped MUultileVel CONVEITET .......cc.ceueireierieriinienierieeitetetentestenie et ese et seeste e e bt eseeeeneen 9
1.2.2.2  Multilevel Converter with Bi-Directional Switch Interconnection..........c..cceceveeereeneenennienieeneeneens 11
1.2.2.3  Flying-Capacitor Multilevel CONVEITET .........c..cooieriieiiiiiirieieiieieeteeeeseesie e et 11
1.2.2.4  Multilevel Converter with Cascaded H-Bridge Cells..........ccocevieriiieniiiniiniiniinenieeicneeneenieeiene 12

1.3 EFFICIENCIES OF POWER SEMICONDUCTOR CONVERTERS 12
14 THE NEW MULTILEVEL MATRIX CONVERTER 15
1.5 RESEARCH MOTIVATIONS AND CONTRIBUTIONS 18
1.6 OUTLINE OF DISCUSSION 22
2 MULTILEVEL MATRIX CONVERTERS.........cooiiiiimimmrmrrsssnnssssssssssssssssssssssnnnnns 25
2.1 CONFIGURATIONS OF THE MULTILEVEL MATRIX CONVERTER 25
2.1.1 States Of SWILCH CelIL....c.iiiiiiiiiiiiiiie ettt sttt et st st sbeenee et eas 27
2.1.2 Branch CONMECTIONS ......eeuvieuieiieieeteeteeteete st et et e eeeste st teteenseensesssesseesseenseenseensesseesseanseenseensesnsesnnesneas 29
2.2 SWITCHING-DEVICE COMBINATIONS 30
2.2.1 Constraints for Switching-Device COmMDINALIONS ........cc..evieriertirrierieeierceie ettt seeeseeenaeas 30
222 Generating Valid Switching-Device COMDINALIONS ..........oevviiriierieiniieete ettt st e e 32
2.2.2.1 QS | ettt ettt et a e h et e et e a bt eh e e e bt e bt e be e beeateeateeateshe e bt enteeas 32
2222 CASC 2 ettt h et et sttt a ettt e a e e bbbt et eat e eat e saeesaeesbe e bt enneean 33
2.2.2.3  CASC B ettt bbbttt et a e h et e et e e a bt ehteeh e e bt e b e e bt eateeateeateshe e teeteens 35
223 Redundant Switching COMDINAIONS ........eeviiiriiiiiieeiie ittt ettt e st esteesebeesabeesateesareesbeeesaneenes 36
23 SPACE-VECTOR CONTROL 37
2.3.1 A~ TranSTOTMALION. .......oiuiiitieiieieete ettt et ettt et e bt e bt e bt st e satesee e teemteenteenteeneesbeennean 37
2.3.1.1 Reference Voltage in the dg-Coordinate .............cceeeiiinieriiiiinieiiie ettt 38
2.3.1.2  Space Vectors Attainable from the Multilevel Matrix CONVEITET ..........coceevereeeerieneneneneeeeeenenens 39
2.3.2 Space-Vector Pulse Width MOAUIAtION .......ccocuiiiiiiiiiiiierieerieeeee et 40
24 SUMMARY OF KEY POINTS 41
3 CONTROL SCHEMES FOR TWO-LEVEL OPERATION........cccccemmmmmmmmmnnnnnnes 42
31 SVM FOR TWO-LEVEL SWITCHING 43
3.2 EIGHT-CAPACITOR CONTROL SCHEME 47
3.2.1 CONLIOL SCREIME .....eiuiiiiiieeiie ettt sttt sb e st e st e e s i be e s et e e sabeessteesabeebbeenasesbteesseenseensneenns 47
322 Experimental Results from the Eight-Capacitor Control Scheme.............ccccceviriiiniinieniniiiieeienceee 50
33 SINGLE-CAPACITOR CONTROL SCHEME 53

v



3.3.1 CONIOL SCHEIME ......cuiiiiiiiiiiicicicc e s 53
332 Experimental Results from the Single-Capacitor Control Scheme ............ccccoceevvevieviinininicniinineeeenne 59
33201 €S Lttt sttt a ettt nene 59
3.3.2.2  CBSC 2 ettt a ettt e a e e b e e bt e bt e bt et eateeht et e e bt et e en b e eh e e bt e be e beenbeeneeeas 65
3.3.2.3  CASE 3ttt ettt st a et b e s a ettt et s a et ere et 68

34 SUMMARY OF KEY POINTS 70
4 CAPACITOR VOLTAGE BALANCING CONTROL ......ccooccmmrrrrrnnnssnnnnmseessennas 71
4.1 DISTURBANCES IN THE CAPACITOR VOLTAGES 71
4.2 CAPACITOR VOLTAGE BALANCING CONTROL 72
4.2.1 MOITIEA SVM ..ottt ettt st sttt sa et s a et 75
422 Determination of TWo OppOSite SPACE VECLOIS ......ccuieuiireieitieiieieeie ettt ettt eeeseee e 78
423 Capacitor VOItage StADILILY .......eeriiiriieiieiieeie ettt sttt e st e st e e st e e sabeesbteesanessbeeesaneenns 81
4.3 EXPERIMENTAL RESULTS 83
44 SUMMARY OF KEY POINTS 85
44 SUMMARY OF KEY POINTS 86
5 THREE-LEVEL OPERATION......ccciciiemmmrrrriniisssssssss s ssssssssms s s e sssssnnnns 87
51 SPACE-VECTOR MODULATION 88
5.2 LIMITATIONS OF THE THREE-LEVEL OPERATION 92
53 EXPERIMENTAL VALIDATION 93
54 A POSSIBLE CONTROL SCHEME FOR THREE-LEVEL OPERATION 95
55 SUMMARY OF KEY POINTS 929
6 HARDWARE IMPLEMENTATION ....ccciiiiieeeeesrrrrnnsissssse s sssssssssssssss s sennsas 100
6.1 POWER STAGE 101
6.1.1 SWItCh-Cell MOAUIES.......ccueiuiiiiiiiiiiiiiiiciccce e s 101
6.1.2 FAIET TIAUCLOTS ...ttt ettt sttt ettt e at e s bt e bt e e et eebee bt ebeeneeeaeesaee 103
6.2 DIGITAL CONTROL SYSTEM 104
6.2.1 ADC COontroller CITCUILS .....cueiuiiiiiiiiiiiiiiiicietetee sttt s s s 106
6.2.2 POWETPC IMICTOPIOCESSOT . ....cuteieeiiestiete ettt ettt et et et et esb e s bt e bt et eateeaeenbe e bt enteeateebeenbeenbeeneeeaeesae 108
6.2.3 PWM Controller CirCUi........ccuiiiiiiiiiiiiiiiiiiieieeecese e s s 109
6.2.4 Lookup Table for States of SWitCh Cells.........coouiriiiiiiiiiiieieieeeee e e 110
6.2.5 Switch-Cell Controller CITCUILS..........ocuiiiiiiiiiiiiiiec e 111
6.2.6 Lookup Table for Capacitor Voltage Balancing Control .............ccooceeiiiiiniinieiieiieeeeeeeee e 112

vi



7
71

7.2

8
8.1
8.2

8.3

9

9.1

9.2

9.3

94
94.1
942
943

9.5
9.5.1
952
953

9.6

9.7

9.8

10

10.1

10.2
10.2.
10.2.

10.3
10.3.

10.3.

10.3.

CONCLUSIONS: PART | ...oeeeiiiiiinemerrnnssnsssmnsssss s ssssss s snsssssss s snsssnss s s snssansnns 113

SUMMARY OF PART I 113
REFERENCES FOR PART I 115

INTRODUCTION TO PART Il....eeeeeerrer e 121
MOTIVATION 121
CONTROL OF THE TERMINAL CURRENTS AND AVERAGE CAPACITOR VOLTAGE........121
ORGANIZATION OF PART I 124

STATE-SPACE MODEL OF THE MATRIX CONVERTER .........cccvviiinnnns 126

DERIVATION OF THE STATE-SPACE EQUATIONS OF THE NEW MATRIX CONVERTER .126

THE TERMINAL VOLTAGES AND CURRENTS 126
SVM AND THE STATIONARY DQ0 FRAME 129
DERIVATION OF THE MATRIX CONVERTER DIFFERENTIAL EQUATIONS. ......ccccecevueeueruenne 132
TIPUL STAC ...ttt sttt e s e e st e e s bt e e bt e e bbe e bt e ebbeebeesabaeenseesabaeeareenn 132
(01013071 AN e [OOSR 136
Internal Capacitor EQUATIONS .........cooiiiiiiiiiiieeiee ittt sttt ettt ettt e s bt esaeesabeesabeesabaesanee s 139
THE NONLINEAR DIFFERENTIAL EQUATIONS OF THE MATRIX CONVERTER................. 143
Linearization of the Matrix-Converter Nonlinear Differential Equations............cccccecceveiiviincencnnennne. 144
The Steady-State Solution of the MatriX CONVEITET .......c.eevvuiiriiiirieeiiienitesieenteeniteeneeenieeeieessveeeeee s 147
The Small-Signal AC Model and the LTI State-Space EQUations ...........cccccevveerieneenenienienceneeee 151
POLES OF THE LTI STATE-SPACE MODEL OF THE MATRIX CONVERTER............cccceeueuuee 154
CONTROLLABILITY AND OBSERVABILITY OF THE LTI STATE-SPACE MODEL ............... 156
SUMMARY 157

CONTROLLER DESIGN FOR THE LTI STATE-SPACE MODEL OF THE

MATRIX CONVERTER ......ccocieiieeireirsersssiresrsssssssssn s snsssansssnsssnnssnnsssnsnrnnns 158
FEEDBACK AND CONTROLLER DESIGN OF THE MATRIX CONVERTER 158
CONTROLLER DESIGN VIA POLE PLACEMENT 161
1 Simulation Results of the Linear MOGEL............oooviuviiiiiiiiiiiiieieeeeeeeeeee e e 161
2 Implementation of the Controller in the Nonlinear Model............ccccovoiiiiniiniiniieieeeeeeee e 164
SIMULATION RESULTS 165
1 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, Unity

| RN 7S U STt o) (PR 165
2 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, 0.5

| RN 7S5 g STt o ) (PR 167
3 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, Unity

| RN 7S5 g STt o ) (PR 169



10.3.4 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, 0.5

| RO 7S5 W STt o) RPNt 171
10.4 THE RELATIONSHIP BETWEEN K AND THE MATRIX CONVERTER PARAMETERS. .......... 173
10.5 LINEAR OPTIMAL CONTROL 173
10.5.1 Simulation Results of the Linear MOAEL............coooiuviiiiiiiiiiiiieiee et 175
10.5.2 Implementation of the Optimum Controller in the Matrix Converter Nonlinear Model...................... 175
10.6 SIMULATION RESULTS 177
10.6.1 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, Unity
| RO 7S5 W STt o) PRIt 177
10.6.2 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, 0.5
| RO 7SS W STt o) RPNt 179
10.6.3 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, Unity
| RO 7S5 W STt o) RPNt 181
10.6.4 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, 0.5
| RO 7S W STt o) RPNt 183

10.7 THE RELATIONSHIP BETWEEN THE OPTIMAL CONTROLLER AND THE MATRIX-

CONVERTER PARAMETERS 185
10.8 SIMULATION RESULTS OF THE MATRIX CONVERTER WITH ALL NINE CAPACITORS
MODELED 188
10.8.1 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, Unity
| RN 7S g STt o ) (PR 188
10.8.2 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, 0.5
| RN 7S g STt o) PP 190
10.8.3 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, Unity
| RN 7S U STt o) (PRI 192
10.8.4 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A, 0.5
| RN S5 g STt o) R RRPRRRRRRR 194
11 EXPERIMENTAL RESULTS: CLOSED-LOOP CONTROL .......ccccovmmeiiremnnnns 196
11.1 POWER STAGE OF THE MATRIX CONVERTER PROTOTYPE 196
11.2 STEADY-STATE SOLUTION OF THE MATRIX-CONVERTER PROTOTYPE ......cieercnncene 198
11.3 POLES AND FEEDBACK CONTROL OF THE LINEAR MODEL 199
114 COMMENTS ON RESPONSE LATENCY 200
11.5 IMPLEMENTATION OF THE CONTROL CODE 201
11.6 MEASURED RESULTS 202
11.6.1 Experimental Results: Output Current Varies from 1 A t0 0.5 A ..ooovieeiiiiiienieneeeieeeeeee e 203
11.6.2 Experimental Results: Output-Line Frequency Varies from 30 Hz to 60 Hz...........cccceoeiiinininne 204
12 CONCLUSIONS TO PART L. cceiiieeiiseeiissesisssssssssnssssssssssnnss s smnssssnnsssannssnes 206
12.1 SUMMARY OF PART II 206
12.2 REFERENCES FOR PART 11 208

viii



AC
ADC
BRAM
DC
DCM
FPGA
HDL
IGBT
LTI
OPB
PCB
PLB
PWM
RMS
SVM
VA

Nomenclature

alternating current
analog-to-digital converter
block RAM

direct current

digital clock management

field programmable gate array
hardware description language
insulated gate bipolar transistor
linear time invariant

on-chip peripheral bus

printed circuit board

processor local bus
pulse-width modulation

root mean square
space-vector modulation
volt-ampere

ix



1 Introduction

This research demonstrates a multilevel matrix converter suited to variable-speed wind turbine
applications. Such a demonstration requires development of real-time control schemes for the new matrix
converter. The control schemes for the converter must achieve two major tasks simultaneously: (1)
synthesizing terminal AC voltage waveforms, and (2) maintaining fixed voltages across all midpoint
capacitors.

An advantage of the proposed multilevel matrix converter is its ability to exhibit high efficiency over a
wide range of operating points while converting variable-magnitude, variable-frequency voltages
generated from a wind generator into fixed-magnitude, fixed-frequency voltages supplied to a utility grid.
Attaining high converter efficiency over a wide range of operating points, especially at low operating
power (low wind speed), is necessary to improve the energy capture of the variable-speed wind turbine
system because this is where the system operates most of the time.

In this chapter, we review the wind turbine system configurations and three-phase converter topologies
that are generally employed in wind turbine systems. We also review the performances of the power
semiconductor converters that enhance the energy capture of the variable-speed wind turbine system.
Next, we explain the approach used to increase the energy capture in the multilevel matrix converter.
Finally, we summarize the characteristics of the multilevel matrix converter.

1.1 Overview of Wind Turbine Systems

In a wind turbine system, the kinetic energy in the wind is converted into rotational energy in a rotor of
the wind turbine. The rotational energy is then transferred to a generator, either directly or through a
gearbox for stepping up the rotor speed. The mechanical energy is then converted to (often variable-
frequency, variable-voltage) electrical energy by the generator. From the generator, the electrical energy
is transmitted to a utility grid either directly or through an electrical energy conversion stage that produces
constant-frequency, constant-amplitude voltage suitable for interface to the utility.

A
Region I Region II Region III

Generator output power

>
Cut-in speed Rated speed Cut-out speed  Wind speed

Figure 1.1: Ideal characteristic of a wind turbine generator



1.1.1 Ideal Characteristic of Wind Turbine Conversion

The ideal power characteristic for a wind turbine system is illustrated in Fig. 1.1. Operation of the wind
turbine system is traditionally divided into three regions, as follows:

Region I where the wind speed is below the cut-in speed. The power in the wind is insufficient to
overcome the power losses within the turbine system.

Region II where the wind speed is between the cut-in speed and the rated wind speed. Generally, the
rated wind speed is the wind speed at which the maximum output power of the generator is
reached. In region II, the power transmitted to the wind turbine rises rapidly with the wind speed
and can be expressed as follows:

1
P=C,x §pATV£ (L.1)
where C, = power performance coefficient,
p = air density (kg/m?),
A, = areaswept by the rotor of the wind turbine (m?),

Ve wind speed (m/s).

Region III where the wind speed is between the rated wind speed and the cut-out speed. The cut-out
speed is the maximum wind speed at which the turbine is allowed to deliver energy. Usually, the
cut-out speed is limited by engineering design and safety constraints. In this region, the rotational
speed of the wind turbine hub is kept approximately constant at the rated wind speed.

The relation of wind speed and turbine output power in Eq. (1.1) is not exactly a cubic relationship
because of the power performance coefficient [1]. The power performance coefficient, C,, is a nonlinear
function depending on the ratio of rotor tip speed to wind speed. In general, the energy capture of the
wind turbine system can be optimized by operating the wind turbine system at the maximum value of the
power performance coefficient.

1.1.2 Wind Turbine Configurations

For a constant-speed wind turbine system, the configuration using a squirrel-cage induction generator that
is directly coupled to the grid, as shown in Fig. 1.2, is usually employed. This configuration is popular
because induction generators are rugged, inexpensive, and easy to connect to a utility grid. A gearbox is
required for stepping up the rotational speed of the rotor to a range that the induction generator can use to
produce an AC voltage at utility frequency (1500 rpm for a 50 Hz system and 1800 rpm for a 60 Hz
system). The rotor speed variations in this configuration are small, approximately 1 to 2%.

The main disadvantage of the constant-speed configuration is the poor energy capture of the wind turbine
system. Because the energy capture of the wind turbine system is a nonlinear function depending on rotor
tip speed and wind speed as described in Eq. (1.1), at wind speeds above or below the rated wind speed
the energy capture of the system does not reach the maximum value.

Another drawback of the wind turbine system with the directly grid-coupled configuration is the power
quality of the system. This configuration is sensitive to fluctuations in the wind speed resulting from the
steep torque speed characteristic of the induction generator. Any transient in the wind speed is transmitted
through the drive train to the grid. This generally causes voltage flicker in the utility grid. In addition, the
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Figure 1.2: Constant-speed wind turbine configuration with a squirrel-cage induction generator
that is directly coupled to the grid

induction generator always consumes reactive power from the utility grid. To compensate for the reactive
power consumption of the induction generator, a capacitor bank is normally inserted in parallel with the
generator to obtain close to unity power factor. Furthermore, a soft starter is also required to reduce
mechanical stress and to reduce the interaction between the utility grid and the wind turbine during
connections and startups of the turbine.

Configurations using variable-speed drives are normally employed to improve the energy capture of the
wind turbine system. In a variable-speed wind turbine system, the rotational speed of the turbine rotor is
continuously adjusted such that the tip speed ratio remains constant at the level of the maximum power
performance coefficient. As a result, the overall efficiency of the wind turbine system is significantly
increased. Configurations for variable-speed wind turbine systems are illustrated in Fig. 1.3. A power
semiconductor converter is required to convert variable-frequency, variable-magnitude voltages generated
from a generator into fixed-frequency, fixed-magnitude voltages supplied to a utility grid. Power factors
at both generator and utility sides can be controlled through the operation of the power semiconductor
converter.

In the system with a full-power converter (Fig. 1.3[a]), all output energy of the generator passes through a
power semiconductor converter, which allows the wind turbine system to operate over a broad range of
variable wind speeds. This configuration is generally employed with a permanent-magnet or a singly-fed
induction generators, With new FERC ride-through requirements, this approach is increasingly attractive.

For the configuration using a doubly-fed induction generator with a reduced VA rating power
semiconductor converter (Fig. 1.3[b]), the converter is connected to the rotor of the generator and directly
controls currents in the rotor windings. Consequently, the mechanical and the electrical rotor frequencies
are decoupled; the electrical stator and the rotor are matched independently of the mechanical rotor speed.
Only a fraction of the rated generator power passes through the converter. This enables control of the
whole generator by using a switching converter with rated power at only 20%-40% of the rated generator
power. The generator can be operated at both sub- and super-synchronous speeds. The operational speed
range of the generator depends only on the converter rating.
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Figure 1.3: Variable-speed wind turbine configurations: (a) with full-scale converter,
(b) with reduced VA converter

1.2 Overview of Three-Phase AC-AC Converters

A variable-speed wind turbine system for generating electricity requires a power semiconductor converter
to convert variable-magnitude, variable-frequency voltages from the generator into fixed-magnitude,
fixed-frequency voltages supplied to a utility grid. Several approaches to apply power semiconductor
converters to wind turbine systems have been proposed [2]. Typical three-phase to three-phase voltage
source converters can be categorized by their conversion characteristics into two families (Fig. 1.4):

1. AC-to-AC converter without a DC link
In this type of converter, input AC voltages are converted directly into output voltages by
proper operation of four-quadrant switches connected between the input and the output
phases. In other words, the output voltages are chopped from the input voltages.

2. AC-to-AC converter with DC links
In these converters, input AC voltages are converted into intermediate DC voltages, which
are stored in storage links such as capacitors. Then, the intermediate DC voltages are
converted into output AC voltages.
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Figure 1.4: Classification of three-phase to three-phase voltage source converter topologies

1.2.1 Matrix Converter

The matrix converter has nine of the four-quadrant switches connected in a matrix configuration, so that
any input phase can be connected to any output phase. Figure 1.5 illustrates the configuration of a
conventional matrix converter. Each four-quadrant switch employed in the matrix converter is typically
implemented from two two-quadrant switches (Fig. 1.6). Ideally, the matrix converter, which consists of
only silicon switching devices in the power stage, can be considered a “generalized solid-state
transformer” [3]. In practice, for the best performance, the converter should generate smooth waveforms;
therefore, filter elements are necessary. Capacitors are employed at the input side of the converter, and
inductors are employed at the output side.

The basic operation concept of the matrix converter is that the desired input currents (either to or from a
three-phase source) and the desired output voltages with arbitrary frequency can be obtained by properly
connecting the output phases to the input phases.
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Figure 1.6: Conventional four-quadrant switch used in the matrix converter

With inductors as filter elements at the output side and capacitors at the input side, two constraints are
imposed in the operation of the matrix converter. First, because the inductor currents cannot be
interrupted, at least one of the three switches connected to each inductor (output phase) must conduct the
inductor current at any given time. Second, switches must not short circuit any capacitor voltage (input
phase). These two constraints imply that exactly three switches conduct currents at any instance and limit
combinations of the four-quadrant switches into 27 cases [4]. To prevent violations of these constraints,
especially during switching transitions, multi-stepped switching procedures for safe commutation are
usually employed [5, 6]; sometimes soft-switching techniques are also considered [7, 8].

Modulation algorithms for the matrix converter can be categorized into scalar modulation [9, 10, 11, 12]
and space-vector modulation [4, 5]. Both modulation algorithms can generate an arbitrary output
frequency and an arbitrary input displacement power factor. Extended modulation algorithms, such as
adaptive space-vector modulation (SVM) and selected harmonic-elimination pulse-width modulation [13,
14] were also proposed to improve specific features of the matrix converter.

The scalar modulation involves direct matrix computation of the input voltages (currents) and the output
voltages (currents). The unfiltered output line-line voltages are synthesized by sequential, piecewise
sampling of the input line-line voltages. As a result, the output voltages are bounded by the input
voltages. With the scalar modulation algorithm, the matrix converter can generate output voltages with
the maximum gain ratio of 0.5 when the output voltages consist of only fundamental frequency. The gain
can be increased to 0.75 by injecting the third harmonic of the input frequency into the desired output-



phase voltages. The gain can be further increased to 0.866 by an additional injection of the third harmonic
of the output frequency [12]. However, improving the gain ratio involves a significant amount of
additional calculations.

The SVM technique was adapted for the matrix converter by employing a basic concept of indirect
modulation using a fictitious DC bus, then dividing the converter into a rectification stage and an
inversion stage [4]. The side having capacitors as filter elements performs rectification, and the side
having inductors as filter elements performs inversion. The input currents and the output voltages are
controlled by separate SVMs. The SVM technique also allows the maximum gain ratio of 0.866. An
output voltage waveform of the matrix converter using the SVM technique is shown in Fig. 1.7.
Furthermore, this modulation technique allows simplifying a converter model, making it easier to control
the converter under imbalanced and distorted power supply conditions. More details of the SVM will be
discussed in Chapter 2.

Matrix converters do not require intermediate energy storage and have lower switching losses. Although
the matrix converter has six additional switching devices, compared to the back-to-back, two-level, DC-
link converter, the absence of the DC-link capacitor may increase the efficiency of the converter. Also,
the power semiconductor devices in the matrix converter are switched at average voltages lower than
those in the two-level, DC-link converter.

The major disadvantage of the matrix converter is the limitation of the voltage gain ratio, which leads to
poor semiconductor device utilization. Another drawback is the large number of semiconductor devices
required to make the matrix converter functional. Although devices with smaller current rating can be
employed, they still lead to a large number of gate driver circuits. In addition, with the absence of the DC-
link, there is no decoupling between the input and output sides. Any distortion in the input voltage is
reflected in the output voltage at different frequencies; as a consequence, subharmonics can be generated.

Many soft-switching techniques have been proposed to improve the efficiency of the matrix converter. A
low-loss four-quadrant switch was proposed with the ability to be turned on with zero current switching

- - .= .- r
AR N PN AN N N
(s [ <y
N N ’ Y] NG A4 v \ \4
); A n [N ) < L
A « \ 0 ' A Ty \
) SN A AN '
v | AL PR AR ‘ |
<A ) TN ) i =
) ] . i~ ' \ , N ' v ’ D k \ Al ™
‘ 5 v [ P ! ) e Sl
4 | Voo < ‘o . s[]
) | [ vl \
) ) W) v, . 1 | ,
4 v )
f s . it ) ' i
v ] " / \ ;N / \
\ o ot L \ ’
11 1 P . o o Al i i
A [ ‘ 2R PRt | [N 11 1
| [ ‘ i [ 1
A ‘o P \ ‘
| , N \ ’ \ ’
[\ \ ‘ ) h . ' ‘ b
i 1 g ) \ | ) ) v d ) !
h ' ) ' . v |
' 1 \ \ . ‘!
TN G WA !
'
\ f out Iy o Y ; t
i \ ! e v ! V) \ b o
2z L v
n
h K \ a r " L[ ) " S
v ' \ ‘N o ' \ \ h 2N
\ ! ‘ ! AN \ '
0 ! 7 ;! / L r
- P ' , ! [\ ‘ ' [ P
! 1 g s ) v ) \ 4 g ) v
v 4 \ ' . ’ ' ) q N ‘ . . )

' ‘ ) \ [ ) ) v ’ \
[ ' 8 | o ) v
v vl [ ol b || 8 [ L

v ! y ! [ | I vy ) \
o ' ¥ Y ! s . '
g M v 2 1 " ¢ y y g

A N \ I\ ) H 13 )
t 3 ’ ’

!y 1’ U ) ! Y B
r o [ A \ i R . ,

L [ ’ | . ' ‘

' N ! ! ) ‘ \ ’ i ’

S Y N s NIRIE ) . S 7\ ;
A v ) v \ P~ ([ ' v s
’ (— H Y .

\ v \ ’ v
. '\ 2 Vo, \ ‘
A Ny ' h B ‘ N .

9] v, v 5 { v

” A I ’ XS A
N AN o PR |/ N ’ v
N , N N . N N ;N N LN
.~ ~a7 R A ‘1 N et ~= ~ -

Figure 1.7: Output voltage waveform generated from matrix converter using the SVM technique



and turned off with zero voltage switching [15]. The proposed four-quadrant switch has a disadvantage of
high current stress through the resonant inductors because the inductors are placed on the power transfer
paths. A soft-switching technique based on a fictitious DC-link technique, using an active commutation
auxiliary circuit, was also proposed [7, 8]. With this technique, soft commutations at all switches, zero-
voltage transition for main switches, and zero-current transition for auxiliary switches can be achieved
independently of load.

Several approaches for applying the matrix converter to a variable-speed wind turbine system have been
proposed [16, 17, 18]. The proposed approaches aim to maximize the energy capture of wind turbine
systems by controlling terminal voltages and frequencies of the generators so that the power performance
coefficients, C,, of the systems can be obtained at the optimal point.

1.2.2 Multilevel DC-Link Converter

Multilevel conversion has attracted significant attention as a way to construct a relatively high-power
converter using relatively low-power semiconductor devices [19, 20, 21, 22, 23, 24, 25]. The general
concept involves producing AC voltage waveforms from several small DC voltages. The smaller voltage
steps yield lower harmonic distortion at AC voltage waveform, lower switching loss, lower voltage
change rate (dv/dt), as well as smaller filter element requirements.

The lower voltage change rate can extend the lifetime of the AC machine connected to the converter. The
converter’s high-voltage change rates induce circulating currents, dielectric stresses, voltage surge, and
corona discharge between the winding layers, which cause “motor bearing breakdown” and “motor
winding insulator breakdown” problems in the AC machines [26, 27]. These problems become more
significant as the switching speeds of power semiconductor devices are increased.

Figure 1.8 compares waveforms of conventional pulse-width modulation (PWM) of two-level switching
voltage and three-level switching voltage. In the two-level switching-voltage waveform, the line-neutral
voltage is switched between two voltage levels: positive DC bus voltage and negative DC bus voltage.
While in the three-level switching-voltage waveform, the line-neutral voltage is switched among voltage
levels of positive voltage of DC bus, negative voltage of bus voltage, and mid-point voltage of DC bus.

The major disadvantages of the multilevel conversion are its complexity of control and its complexity of
bus-bar interconnection. A larger number of semiconductor devices are required. This does not lead to an
increase in semiconductor costs because lower-rated devices can be used; however, it does require
significantly more gate-driver circuits and leads to a more complex layout. Furthermore, the presence of
DC-link capacitors is considered a drawback because they are heavy and bulky. As the number of voltage
levels increases, the bus-bar structures of the multilevel DC-link converter become more complex and
difficult to fabricate.

The capacitor voltage-balancing problem in the multilevel converter is also an eminent disadvantage.
During converter operation, capacitor voltages in the converter deviate because the currents flowing
through the capacitors are different. Several topologies and control algorithms of the multilevel converter
have been proposed to overcome this problem. The problem of capacitor voltage balancing also becomes
more difficult to overcome as the number of voltage levels increases.
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SVM is extensively employed to synthesize AC waveforms in the multilevel DC-link converter [28, 29,
30, 31, 32, 33]. The modulation can be efficiently associated with a capacitor voltage-balancing scheme.
It is easy to extend the modulation to operate at higher voltage levels.

The following converter topologies are examples of commonly used multilevel converters.

1.2.2.1 Diode-Clamped Multilevel Converter

Figure 1.9 shows a schematic of a back-to-back three-level diode-clamped converter. Identical legs of
power semiconductor devices are employed for each input and output phase. The DC bus voltage in the
converter is divided by two equal capacitors. The midpoint junction of two capacitors is referred as the
neutral point.

In the neutral-point diode-clamped PWM converter, power semiconductor devices are clamped to
capacitor voltages via diodes [24, 34, 35]. Hence, device voltage stresses can be reduced to one-half the
magnitude of the DC bus voltage. However, the inner power semiconductor devices of each phase are not
directly clamped to the DC capacitors. These devices may encounter more blocking voltages.

The capacitor voltage unbalancing problem in the neutral-point clamped three-level converter can be
solved using additional control algorithms without any additional hardware [36, 37, 38, 39, 40]. The
capacitor voltage unbalancing problem becomes more difficult to overcome as the switching level
increases.
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1.2.2.2 Multilevel Converter with Bi-Directional Switch Interconnection

A schematic of switching a device for one phase of a three-level converter with bi-directional switch
interconnection is illustrated in Fig. 1.10. The bi-directional switch provides a means to clamp the output
voltage to the midpoint level [41]. The voltage rating of power semiconductor devices in the bi-
directional switch is half of the DC bus voltage, while the voltage rating of the main switching devices is
the full DC bus voltage.

Figure 1.10: Switching device configuration for one phase
of a three-level converter with bi-directional switch interconnection

The converter operates with conventional two-level PWM algorithms, while using the midpoint voltage
level only during switching transitions. This can be considered “quasi three-level” operation. The main
switching devices hard-switch at half of DC bus voltage; therefore, switching loss is reduced compared to
the conventional two-level switching converter.

1.2.2.3 Flying-Capacitor Multilevel Converter

Figure 1.11 shows the switching-device configuration for one phase of a three-level flying-capacitor
converter. The difference in component count between the diode-clamped multilevel converter and the
flying-capacitor multilevel converter is that two diodes per phase are replaced by one capacitor [42, 43].
Voltages across open-circuited switches are constrained by clamping capacitors instead of clamping
diodes. The flying-capacitor configuration also alleviates the voltage clamping problem of the inner
devices in the diode-clamped converter. A high-frequency small capacitor clamps two inner devices of
one phase at V,, /2. Devices between the upper part and the lower part conduct current complementarily.
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Figure 1.11: Switching device configuration for one phase
of a three-level flying capacitor converter
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The benefit of the capacitor-clamped converter is that the voltage-balancing problem is relatively easy to
solve, compared to the diode-clamped converter.

1.2.2.4 Multilevel Converter with Cascaded H-Bridge Cells

The structure of one phase of a seven-level converter with cascaded H-bridge cells is illustrated in
Fig. 1.12. The remaining phases have the same switch configuration. The configuration was proposed to
eliminate the neutral-point balancing problem in the multilevel converter, with a simplifying bus-bar
structure [44, 45]. The DC voltage sources are supplied from isolated DC sources, such as isolated three-
phase rectifier circuits. Each H-bridge switch can generate three different voltage levels: +V,., 0, and
-V ,.. H-bridge switches are connected in series such that the synthesized AC voltage waveform is the
summation of all voltages from cascaded H-bridge cells. The number of phase-voltage levels can be
defined as m =2s+1, where m is the number of H-bridge switches in each leg. One disadvantage of this

configuration is that the converter requires multiple isolated DC sources, which makes it an expensive
solution.
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Figure 1.12: One-phase structure of a multilevel converter with H-bridge inverter leg

A modified configuration of this topology to achieve more voltage levels was also proposed [22]. By
employing non-identical DC voltage sources in a binary arrangement, the number of switching voltage
levels can be increased without increasing the number of the H-bridge switch cells.

1.3 Efficiencies of Power Semiconductor Converters

The requirement for high efficiency at low power and low voltage is unique to the variable-speed wind
turbine system. A typical way to design a converter is to optimize the performance at the rated operating
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point. This minimizes the cost of the converter by minimizing the component stresses and losses.
However, the efficiency of the converter is decreased rapidly at reduced power, reduced voltage. This
behavior can significantly degrade the energy capture of variable-speed wind turbine systems when they
operate at low wind speed (Region II in Fig. 1.1). Achieving high converter efficiency under low wind
speed is crucial for improving energy capture in variable-speed wind turbine systems because typical
wind energy systems operate primarily at low wind speeds.

Figure 1.13 summarizes efficiencies of DC-link converters with two- and three-level switching from
experimental results [46]. Both results were obtained from the converters converting variable-magnitude
input voltages from a synchronous generator into fixed-magnitude output voltages at a utility grid side,
simulating a variable-speed wind turbine system. The DC-link voltages of the converters are fixed at a
magnitude slightly greater than the utility voltage magnitude. Both converters employ the same power
semiconductor devices and use identical models of the switching and conduction losses.
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The results show that the converter efficiencies are dominated by the efficiencies of the rectifier parts of
the converters. In addition, at lower operating power or lower operating voltage, the efficiencies of the
rectifier parts decrease more rapidly than those of the inverter parts. Because the voltage produced by the
generator is proportional to the wind speed, the reduced voltage produced by the generator under low-
wind-speed conditions causes the rectifier parts to “work harder” in stepping up the voltage magnitude.
This requires a greater proportion of indirect power. In the rectifier portion of the DC-link system, the
indirect power consists of energy that is first stored in the inductors and later released to the DC link. In
contrast, the direct power consists of power that flows directly from the input side to the output side,
without going through the intermediate step of being stored. Hence, the indirect power conversion incurs
additional losses. This problem of low efficiency at low operating voltage can also be observed in the
boost converter.
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Figure 1.13: Efficiencies of three-phase DC-link converters:
(a) two-level switching, (b) three-level switching
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It can also be seen from the results that, as the number of switching levels increases, the converter
efficiency at full load improves. The efficiency at light load also improves, and the knee of the efficiency
curve shifts to the left. The range of high efficiency is extended into lower operating points. Effectively,
the range of power levels over which the high full-load efficiency is maintained is extended by a factor of
approximately two (for example, the value of P/P, . at the knee is reduced by 50%). The reason for this

is that the rectifier part converts the voltage generated from the generator into lower magnitude as the
number of switching levels increases. As a result, the switching losses in the converter are reduced. The
switching loss for a switching device is defined as follows:

PSW - fs(A‘/;ls)Qloss (12)

X

where f, is the switching frequency of the converter, AV, is the voltage change during each switching,

N

and Q, 1s charge associated in each switching. As the switching loss is proportional to the voltage

change AV, , the efficiency of the rectifier increases as the number of switching levels increases.

For a converter using insulated gate bipolar transistors (IGBTs) and diodes as switching devices, the
switching losses in the converter are dominated by the IGBT current tailing and the diode reverse
recovering [46]. Therefore, with reduced switching voltage, three-level switching converters exhibit lower
switching losses than those of two-level switching converters. However, the two-level switching
converters were reported to exhibit better overall efficiency when the overall losses (conduction loss,
switching loss, and loss in filter elements) were considered. Because the switching loss in the three-level
switching converter is much lower than that in the two-level switching converter, the switching frequency
of the three-level switching converter can be increased to reduce the loss in filter elements. To optimize
the converter efficiency in the wind turbine system, the DC-link converter with the three-level switching
structure at the grid side and the two-level switching structure at the generator side is recommended [48].

Another approach to improve the converter efficiency is to employ a reconfigurable structure concept.
The reconfigurable converter concept for variable operating points applied in a boost double rectifier has
shown significant improvement in efficiency at low voltage (low power) [49]. When the boost double
rectifier operates in the double mode, the rated power is doubled; however, the switching losses are not
double. Hence, the rectifier exhibits higher efficiency. The reconfigurable structure concept requires finer
control of the semiconductor devices so that the power conversion mechanism can be effectively
reconfigured and better optimized at a wide range of operating points.

1.4 The New Multilevel Matrix Converter

The multilevel matrix converter was proposed to solve the problem of low converter efficiency at low
voltage, low power [49, 50]. A schematic of the converter with basic configuration is illustrated in
Fig. 1.14(a). The converter is a hybrid of multilevel and matrix technologies. The conversion approach of
the converter is based on H-bridge switch cells, resembling the structure in Fig. 1.12. The use of a matrix
configuration eliminates the need for DC voltage sources to supply average power. Therefore, the DC
voltage sources can be replaced by simple DC capacitors, as shown in Fig. 1.14(b).

The multilevel matrix converter synthesizes the input and the output voltages by PWM of the DC
capacitor voltages of the H-bridge switch cells. This operation differs from that of the conventional matrix
converter in which the voltages are synthesized on one side and currents on the other. Therefore,
inductors can be used as filter elements at both sides of the converter. Because of the symmetry of the
multilevel matrix converter structure, both step-up and step-down of the voltage magnitude are possible.
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Figure 1.14: Basic configuration of a multilevel matrix converter:
(a) converter topology, (b) schematic of an H-bridge switch cell
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Table 1.1: Comparison of a Conventional Matrix Converter
and a Multilevel Matrix Converter

Conventional Matrix Multilevel Matrix
Factor
Converter Converter
Voltage conversion ratio Buck only: Buck-Boost:
(V[)Lt[ /Vln) V[)L{[ S 0'866V[ﬂ 0 S Vout S V[ﬂ
Coordination of Simple transistor plus

Switch commutation four-quadrant switches freewheeling diode

Bus-bar structure Complex Modular and simple
Multilevel operation No Possible

AC capacitors and

. Inductors
inductors

Filter elements

The multilevel matrix converter is fundamentally different from the conventional matrix converter, as
well as the multilevel DC-link converter, in several respects. Table 1.1 summarizes these differences.
First, the conventional matrix converter can only step-down voltage, with the maximum voltage
magnitude at the low-voltage side of 0.866 times the voltage magnitude at the high-voltage side.
Therefore, in a wind turbine system, the voltage magnitude produced by the generator must be less than
0.866 times the voltage magnitude of the utility grid. In contrast, the multilevel matrix converter can both
step-up and step-down the voltage magnitudes, with arbitrary power factors.

Switch commutations for the conventional matrix converter must be carefully coordinated with
independent control of anti-parallel transistors. These control schemes introduce an additional level of
complexity. In the multilevel matrix converter, a simple method for coordinating switch transitions,
“break before make” operation, can be employed. This method requires that all transistors that are to be
switched off must first be turned off; after a short delay, the transistors that are to be switched on are then
turned on. During the dead-time of switch transitions, inductor currents are not interrupted because the
anti-parallel diodes can conduct currents and provide flow paths for the inductor currents. Energy stored
in the inductors is then transferred to the switch-cell capacitors. A soft-switching scheme or a safe-
commutation scheme can also be applied in the multilevel matrix converter.

Bus-bar structures of the conventional matrix converter are quite complex, as are those of the multilevel
DC-link converter. To avoid excess voltage transients during switch transitions, it is necessary to
minimize the parasitic wiring in all circuit loops that carry high-frequency currents. A practical approach
for the bus-bar structures that resemble multi-layer printed circuit boards is to overlap the conducted
current and the return current so that the magnetic fields of the currents are nearly canceled, and the
parasitic inductance is thereby minimized. The modular approach of the H-bridge switch cell in the
multilevel matrix converter simplifies the complexity of the bus-bar structures. The bus bars in the H-
bridge switch cells can be locally overlapped within the switch cells. This modular approach also allows
the switch cells to be constructed using printed circuit boards. Such construction leads to further benefits
of automated fabrication of the circuitry.
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The modularity of the converter approach also provides a way to directly scale the design to higher
voltage and power levels. The power-stage voltage and power level can be increased by series-connecting
identical switch modules in each branch of the matrix connection. The power-stage elements are
otherwise unchanged. All that is needed is modification of the controller to properly switch the additional
modules.

Finally, the conventional matrix converter requires the use of AC capacitors at the high-voltage side and
inductors at the low-voltage side. This configuration implies that exactly three switch branches conduct at
any instant. In contrast, the multilevel matrix converter employs inductive elements on both sides and
then requires five conducting branches at any instant.

1.5 Research Motivations and Contributions

Software developed for simulating the operation of the multilevel matrix converter has demonstrated that
the converter can regulate all nine capacitor voltages while synthesizing terminal voltages [49]. The
algorithm employed in the software is based on a lookup table that contains pre-calculated currents
flowing through switch-cell capacitors for all possible switching-device combinations of the multilevel
matrix converter. During the simulation, the software searches through the lookup table for switching-
device combinations that have proper currents flowing through the desired capacitors. However, this
approach is not practical for a real-time control because it requires significant time to choose one proper
combination from a decidedly huge lookup table.

To enable use of the new multilevel matrix converter in variable-speed wind turbine applications, an
objective of this research is to develop real-time control schemes for the multilevel matrix converter. The
control scheme for the multilevel matrix converter consists of two tasks that must be performed
simultaneously:

(1) Synthesizing terminal AC voltages

(2) Regulating switch-cell capacitor voltages.

To synthesize the terminal voltages of the multilevel matrix converter, the space-vector control technique
is applied because of its simplicity when implemented with another control scheme. The space-vector
control requires that the three-phase variables must be converted in the dg variables. The multilevel
matrix converter with the basic configuration is able to generate, for each side, 19 combinations of three-
phase line-line voltages in terms of the capacitor voltage, corresponding to 19 space vectors: a null-state

space vector, six space vectors with magnitude 2V, / 3 , 8ix space vectors with magnitude 2V,,,, and

six space vectors with magnitude 4V, / V3.A dg diagram of the 19 space vectors obtained from a

ap
multilevel matrix converter is shown in Fig. 1.15. There are similar dg diagrams for voltage modulation
of each side of the converter. The dg diagram can be divided into three regions according to the

converter operations.
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Figure 1.15: Operating regions of the multilevel matrix converter in dg diagram

To generate terminal voltages with two-level switching, the space-vector control involves the null-state
space vector and the six space vectors with magnitude 2V, / /3. The reference space vector must lie

within the circular area inside the hexagon formed by the six space vectors with magnitude 2V, / NE)

(Region 1 in Fig. 1.15). In this region, the converter generates terminal line-line voltages with the
maximum magnitude equal to the switch-cell capacitor voltage.

The single-capacitor control scheme and the capacitor voltage-balancing scheme have been proposed to
control the converter when operating with the two-level switching. The single-capacitor control scheme is
the first step to reduce the complexity of the converter. With the single-capacitor control scheme, only
one switch-cell capacitor is employed to synthesize terminal AC voltages in each switching period. This
allows the multilevel matrix converter to be modeled as a two-level DC-link converter. Charge balance of
the single capacitor can be achieved in one complete switching period; hence, capacitor voltages in the
converter are theoretically stable.

However, as a result of disturbances in the capacitor voltages caused by stray inductances inside the
circuits, the capacitor voltage-balancing scheme is required to regulate and balance all nine capacitor
voltages. The proposed capacitor voltage-balancing control is based on the modification of the SVM such
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that two switch-cell capacitors can be charged and discharged in each switching period. The capacitor
voltage-balancing control is orthogonal to the process of terminal voltage synthesizing; therefore, it can
be employed with the single-capacitor control scheme. The stability of the capacitor voltages with the
proposed control scheme can be confirmed by a Lyapunov’s approach.

To generate terminal voltages with three-level switching, the space-vector control uses all 18 space
vectors except the null-state space vector. The reference space vector must lie in the outermost band of
the dg diagram (Region 2 in Fig. 1.15). In this operating region, the converter can generate terminal

voltages with a maximum magnitude of twice the capacitor voltage. With the constraint to avoid excess
voltages across open-circuited switch cells, when terminal voltages with three-level switching are
generated at one side of the converter, the terminal voltages with two-level switching must be generated
at the other side. Experiment validations are used to prove the capability of the converter in the three-level
switching.

When operating in Region 3 of Fig. 1.15, the multilevel matrix converter generates AC voltages with both
two-level switching and three-level switching in one line cycle. The approaches for the converter
operating in Regions 1 and 2 are still valid for applications where capacitor voltages can be kept constant
but terminal voltage magnitudes are varied. However, in the wind turbine system where the terminal
voltage magnitude at one side of the converter is fixed at the utility voltage magnitude, to operate in this
region the capacitor voltages must be varied with the terminal voltages. To solve this problem, two
approaches can be employed.

First, by applying an over-modulation control scheme [13, 51, 52, 53] on the two-level switching when
the multilevel matrix converter operates in Region 3 of Fig. 1.15, capacitor voltages can be kept constant
at the utility voltage magnitude. The over-modulation control scheme allows the converter to generate
terminal voltages with magnitudes 15% higher than the capacitor voltages. However, the control scheme
involves a nonlinear modulation technique. As a result, the converter terminal voltages with this scheme
incur more distortions and harmonics. Moreover, the nonlinear modulation requires more complex
calculations.

20



Second, operation of the multilevel matrix converter in the Region 3 of Fig. 1.15 can be avoided by
employing the proposed capacitor voltage as shown in Fig. 1.16(a). The shaded area in the figure
demonstrates valid points of capacitor voltages. However, the capacitor voltages should be kept as low as
possible to minimize switching losses of the semiconductor devices. When the converter operates with
two-level switching at both sides, voltage magnitudes at the generator side are close to the utility voltage
magnitude, and the capacitor voltages are regulated at slightly greater than the magnitude of the utility
voltage. The single-capacitor control scheme and the capacitor voltage-balancing scheme are proposed for
these operating points. When the voltage magnitude generated from the wind generator drops
significantly below the voltage magnitude of the utility, the multilevel matrix converter can operate with
three-level switching at the utility side and two-level switching at the generator side. In this operation, the
capacitor voltage can be reduced below the magnitude of the utility voltage; however, it must be greater
than the average of the input and output line-line voltage magnitudes. It is also possible to divide the
range within which the converter operates with three-level switching into smaller ranges having different
capacitor voltage levels. This will further reduce the switching losses of the converter. Hence, the
prospective efficiency curve of the converter can be as shown in Fig. 1.16(b).
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Figure 1.16: (a) Proposed capacitor voltage of the multilevel matrix converter in the wind
turbine system, (b) prospective converter efficiency
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1.6 Outline of Discussion

This report is divided into two major parts. Part I documents the basic operation, design, and open-loop
control of the converter system. Part Il extends this work to the closed-loop control of generator torque
and utility-side power.

Part 1 is composed of six chapters. Chapter 2 describes details of the multilevel matrix converter
configurations and operations. The operations and derivations of basic converter configuration, in which
one switch cell is used for each branch of the matrix connection, are used to demonstrate the concepts.
Chapter 2 also describes the SVM, which is employed as an approach to synthesize the terminal AC
voltages of the multilevel matrix converter.

Chapter 3 explains the SVM technique for two-level switching. The proposed control schemes—the
eight-capacitor control scheme and the single-capacitor control scheme—for the multilevel matrix
converter operating in the two-level switching mode are described in this chapter. Experimental results to
verify the proposed control scheme are also included. The experimental results also show that well-
regulated capacitor voltages are necessary. A capacitor voltage-balancing control, which is based on the
space-vector control technique, is described in Chapter 4.

The operations and limitations of the multilevel matrix with the three-level switching are described in
Chapter 5. Experimental validations are included to show the capability of the multilevel matrix converter
with the three-level switching. A possible control scheme for the converter operating in three-level
switching mode is also discussed.

Implementations of the first working laboratory prototype are described in Chapter 6. The prototype was
constructed to demonstrate the operation of the converter and to verify the proposed control schemes. The
power stage of the multilevel matrix converter consists of the modular H-bridge switch cells and the filter
inductors. The modular H-bridge switch cells were constructed in printed circuit boards. The power
semiconductor devices used in the H-bridge switch cells were fast-switching Insulated Gate Bipolar
Transistors (IGBTs) with anti-parallel diodes. The digital control circuit was implemented using Xilinx’s
Vertex II Pro, which consists of a PowerPC microprocessor and Field Programmable Gate Arrays
(FPGAs), and flash memory chips as a lookup table. The control schemes for the multilevel matrix
converter were implemented in the PowerPC microprocessor with Assembly language. The pulse-width
modulation (PWM) control unit and the gate signal control circuits were implemented in the FPGAs using
hardware description language (HDL). The use of FPGAs and lookup tables to control highly modular
converters is quite attractive because it allows high-speed complex control schemes to be easily
implemented in HDL code, leading to a low-cost high-performance solution to the control issue.
Chapter 7 summarizes the key results of Part I.

Part II is composed of five chapters. Chapter 8 introduces the closed-loop control issues. In Chapter 9, a
state-space model of the converter is developed, including transformation to stationary d-g coordinates
and linearization about a quiescent operating point. The result is a small-signal equivalent circuit model of
the converter.

Chapter 10 develops a controller design methodology that is suitable for the new multilevel matrix
converter. A multi-input, multi-output controller designed using optimal control, with gain scheduling, is
shown to be well suited to this application. This controller is able to regulate the generator current
magnitudes and phase angles with space-vector control and, hence, is well suited to torque and vector
control of the generator. It can also simultaneously regulate the utility-side power factor and the internal
capacitor voltage magnitudes.
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The performance of the proposed controller is validated experimentally in Chapter 11. It is shown that
this controller can regulate the experimental prototype developed in Part I. Algorithms that implement the
controller within the PowerPC microcontroller are described.

The key results of Part II are summarized in Chapter 12.
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Part1
Basic Converter Operation and Design
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2 Multilevel Matrix Converters

This chapter describes an overview of the configuration and operation of the multilevel matrix converter.
The basic configuration of the converter, in which nine switch cells are employed in the switch network,
is used to demonstrate the concept. An approach to generate valid switching-device combinations from
given terminal voltages is also described. Afterward, the SVM technique, which is employed for
synthesizing terminal voltages, is introduced. The multilevel matrix converter can generate, at each side,
19 combinations of three-phase line-line voltages, which correspond to 19 space vectors in the dg

SiX

/N3, six space vectors with magnitude 2V,

coordinate: six space vectors with magnitude 2V,

space vectors with magnitude 4V, / V3 , and a null-state space vector. The null-state space vector and
the six space vectors with magnitude 2V, /\/g are employed in the two-level switching. The 18 non-

zero space vectors are employed in the three-level switching.

2.1 Configurations of the Multilevel Matrix Converter

A basic configuration of the multilevel matrix converter is illustrated in Fig. 2.1. The multilevel matrix
converter contains nine four-quadrant switches connected between each input phase and each output
phase, resembling a conventional matrix converter. However, the four-quadrant switches are realized as
capacitor-clamped H-bridge switch cells, as illustrated in Fig. 2.2. Each switch cell is similar to the cell

Three-phase
ac system 1

Three-phase
ac system 2

oo s O]
s O

Figure 2.1: Basic configuration of a multilevel matrix converter
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Figure 2.2: Schematic diagram of an H-bridge capacitor clamped switch cell
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shown in Fig. 1.12 for the multilevel DC-link converter, except that the DC voltage sources in the H-
bridge switch cells are replaced by simple DC capacitors because the use of the matrix configuration
allows the converter to deliver average power without external DC voltage sources.

The multilevel matrix converter synthesizes AC line-line voltages at both sides from PWM of the switch-
cell capacitor voltages. This operation differs from that of the conventional matrix converter in which
voltages are synthesized on one side and currents on the other side. As a result, inductors are employed as
filter elements at both sides of the multilevel matrix converter. These inductors may be physically discrete
elements, or they may be inductances of other system elements, such as machine-winding inductances and
transformer-leakage inductances. With the symmetry structure of the multilevel matrix converter, both
step-up and step-down of voltage magnitudes are possible.

With the inductors connected to each input and output phase of the multilevel matrix converter, the
operation of the switch cells in the converter must not interrupt the inductor currents. In addition, the
operation of the switch cells must not create a closed-loop inside the switch network. Consequently, the
multilevel matrix converter requires exactly five H-bridge switch cells conducting currents at any given
instant.

The use of switch cells based on the H-bridge circuits leads to a simple bus-bar structure: simple modular
construction. The voltages across transistors and diodes within each switch cell are locally clamped to the
DC capacitor voltage, which can be regulated via feedback. Furthermore, with proper control of the
current stresses to evenly spread over all four devices in the switch cell, the average current through the
switch cell can be doubled in the conventional matrix converter, compared to a four-quadrant switch,
which uses two transistors and two diodes,.

The H-bridge switch-cell configuration also allows the application of a simple switching transition
procedure to avoid cross-conduction and shoot-through currents, which can occur during transitions of
semiconductor devices in each switch cell. One method for coordinating the switching transition is “break
before make” operation, which is to first turn off all transistors that are to be switched off and, after a
short delay, turn on the transistors that are to be switched on. Turning off the transistors of five or more
switch cells does not cause a calamity because the anti-parallel diodes inside the switch cells can provide
paths for the inductor currents to flow continuously. Energy stored in the filter inductors, as well as the
parasitic inductance in the winding of the switch-cell interconnections, is then transferred to the switch-
cell capacitors.

In the basic configuration of the multilevel matrix converter, the converter operation can be divided into
two operational modes. The first operational mode is where the converter generates terminal voltages
with two-level switching at both sides. The converter operates in this mode when the voltage magnitudes
of both sides are about the same and the capacitor voltages are regulated to be slightly greater than the
line-line voltage magnitudes of both sides. Note that the number of voltage levels is conventionally
referred to as the number of voltage levels in the line-neutral voltage; generally there are more voltage
levels happening at the line-line voltages. With two-level switching, the line-line voltages of the converter
are switched at three voltage-levels: +V,,,, 0, and -V, where V,,, is the capacitor voltage. In the

cap > cap
second operational mode, the multilevel matrix converter generates voltages with two-level switching at
one side and voltages with three-level switching at the other side. The converter can operate in this mode
only when the voltage magnitudes at both sides are significantly different. The line-line voltages of the
converter at the side with three-level switching have voltage-levels of -2V, ~Veips 0, +V,,,, and

cap > cap ®
+2V

cap *
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The number of voltage levels can be further increased by connecting more H-bridge switch cells in series.
For example, the configuration of the multilevel matrix converter (Fig. 2.3) contains two series-connected
H-bridge switch cells in each branch of the matrix connection. This converter is capable of operating with
three-level switching at the full-rated operating point when voltage magnitudes at both sides of the
converter are close to each other and with four-level switching when the voltage magnitudes at both sides
are significantly different. This approach allows the direct increase of the terminal voltage magnitudes
without changing the voltage ratings of the semiconductor devices.

In this research, the proposed control algorithms are based on the multilevel matrix converter with the
basic configuration in which one switch cell is used for each branch of the switch network. They can be
adapted for the multilevel matrix converter that has more than one switch cell per branch of the switch
network; however, additional control algorithms for controlling and regulating additional switching
devices and capacitors are required.

C_ Three-phase
£/ ac system 1

Vg g o
A B C

Three-phase

NN
o

Figure 2.3: A multilevel matrix converter containing two of the switch cells
in each branch to increase voltage-levels

2.1.1 States of Switch Cell

Each H-bridge switch cell can provide three different voltage levels when it conducts current and is able
to block voltage magnitudes less than the DC capacitor voltage: +V,,,, 0, and -V, . The voltage

cap *
between terminals of each switch cell can be controlled by states of the switching devices, independent of
the current direction through the switch cell. Operations of the H-bridge switch cell when the devices
conduct current are illustrated in Fig. 2.4. Node X and node Y are assumed to be an input phase and an
output phase of the converter terminals, respectively.
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Figure 2.4: Three states of the H-bridge switch cell when devices conduct current
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State 1: The positive polarity of the capacitor is connected to node X and the negative polarity of the
capacitor is connected to node Y (Fig. 2.4[a]). Transistors O, and Q, are turned on. When the

current flows from node X to node Y, diodes D, and D, conduct the current, and then the
capacitor is charged. When the current flows from node Y to node X, transistors O, and Q,
conduct the current, and then the capacitor is discharged.

State 2: The positive polarity of the capacitor is connected to node Y, and the negative polarity of the
capacitor is connected to node X (Fig. 2.4[b]). Transistors Q, and Q, are turned on. When the

current flows from node X to node Y, transistors O, and Q; conduct the current, and then the
capacitor is discharged. When the current flows from node Y to node X, diodes D, and D,
conduct the current, and then the capacitor is charged.

State 3: Node X and node Y are shorted together (Fig. 2.4[c]). This can be accomplished by turning on
either the upper transistors, O, and Q,, or the lower transistors, O, and Q,, of the H-bridge

switch cell. In either case, only one transistor and one diode conduct the current. It is
advantageous to alternate the conducting devices, so that the conduction losses are distributed
over the devices.

State 4: The switch cell is open-circuited. All switching devices are turned off. The terminal voltage
magnitude between node X and node Y must be less than the DC capacitor voltage; otherwise,
the diodes in the switch cell will forward bias and change the state of the switch cell into state 1
or state 2.

2.1.2 Branch Connections

Similar to the conventional matrix converter, the operation of multilevel matrix converter has constraints
from the passive elements inside the converter. First, because of the inductors at both input and output
phases, currents must flow continuously through the inductors. Therefore, the operation of the multilevel
matrix converter must never result in open circuit of each input and output phase. Second, the branches in
the switch network must never conduct in a way that forms a closed loop within the switch matrix. The
term branch refers to a connection between an input phase and an output phase using one or more switch
cells.

For a three-phase input and three-phase output system (nine branches in the switch network), the above
constraints imply that the converter must operate with exactly five branches in the switch matrix
conducting at any given instant. Although in some special cases, it is possible to allow more than five
branches to conduct. There exist 81 cases of branch connections that satisfy the above constraints, which
are included in Appendix A.

The followings are the summarized rules for branch connections in the multilevel matrix converter [49]:

1. There is exactly one and only one conducting path between any two phases.

2. If any phase on one side (input side or output side) has two conducting branches (is connected to
two phases from the other side), then there must be exactly one other phase from the same side
having two conducting branches. The third phase must have only one conducting branch.

3. If any phase on one side (input side or output side) has three conducting branches (is connected
to all phases from the other side), then the other two phases from the same side have one and
only one conducting branch.
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2.2 Switching-Device Combinations

2.2.1 Constraints for Switching-Device Combinations

With five switch cells conducting currents at any given instant and each conducting switch cell having a

potential of three different states, there are 3° =243 possible combinations of switch states for a given
branch connection. As previously stated, there are 81 valid branch connections for the multilevel matrix
converter. This leads to 243x81=19,683 combinations of the switch states and branch connections,
referred to as “switching-device combinations,” for the converter. Nevertheless, several switching-device
combinations are not practical, and most of them can be generated by rotation of the input or output phase
of previously generated combinations.

Figure 2.5 illustrates examples of different switching-device combinations for the choice of branch
connection having branches Aa, Ba, Ca, Cb, and Cc connected and branches Ab, Ac, Bb, and Bc
disconnected. Branch Aa uses switch cell Sy,, branch Ba uses switch cell Sp,, etc. These configurations
show that it is possible to obtain five different voltage levels at line-line voltages from the multilevel
matrix converter with the basic configuration, having one switch cell per branch. The configuration in
Fig. 2.5(a) generates zero line-line voltages at both sides of the converter from the DC capacitor voltages,

Ve =0V
—. Phase ¢
(@)
Pha;e A@® Phase a
Vg =0V V=0V

Phaseb V,,=-Vcap

VBf =0V Ve T +Veap
Phase C Phase ¢
(b)
Phage A P}#ase a
Vap=0V V=0V

Phase b V,,=-2Vcap
Vie=+2Vcap

(©)

Figure 2.5: Examples of different switching-device combinations
in the multilevel matrix converter
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Veap- This is done by operating all switch cells of the connected branches in State 2. The same result can
also be obtained by operating all switch cells in State 1 or State 3. Figure 2.5(b) illustrates what happens
when the switch cell Sc. is changed to State 3. The converter then produces three different voltage

magnitudes (-V,_,, , 0, and +V_, ) at the output line-line voltages. Figure 2.5(c) illustrates the result of

ap ° cap

changing the switch cell Sc. to State 1. Consequently, the output line-line output voltages are -2V, , 0,
and +2V

«p - By alternating among the three switching-device combinations in Fig. 2.5, the multilevel

Vs 0,

matrix converter can produce five-level line-line voltages with voltage levels of -2V, cap »

cap
+2V . and +2F_ _ at one side of the converter.

cap > cap

As mentioned previously, the H-bridge switch cell can block voltages with magnitudes less than the DC
capacitor voltage of the switch cell, when all devices in the switch cell are turned off (State 4). With the
basic configuration, when the multilevel matrix converter generates the line-line voltages with a
magnitude of twice the capacitor voltage from two series-connected switch-cell capacitors, all phases on
the other side of the converter must have voltage potentials equal to the voltage potential at the midpoint
of the two series-connected capacitors. This avoids applying voltage exceeding capacitor voltage across
open-circuited switch cells. As a result, when the multilevel matrix converter generates line-line voltages
with twice the capacitor voltage on one side, all line-line voltages on the other side of the converter must
remain at zero. For instance, in the switching-device combination shown in Fig. 2.5(c), all line-line
voltages on the left-hand side of the converter are equal to zero, while the line-line voltages V. and V,, on
the right-hand side have a magnitude of twice the capacitor voltage. It can be verified that all switch cells
of the open-circuited branches S5, Sac, Sz, and Sg., block voltages with magnitudes equal to V.

An example of invalid switching-device combination is demonstrated in Fig. 2.6. In this example, the
line-line voltages V. and V., on the right-hand side of the converter have a magnitude of twice the
capacitor voltage, whereas the line-line voltages V¢ and V4 on the left-hand side of the converter have
magnitudes of the capacitor voltage. Phase C has voltage potential different from the voltage potential at
the midpoint of the two series-connected capacitors. Consequently, the switch cell S, has to block a
voltage with magnitude 2V,,,. In practice, this kind of configuration could not happen because diodes in
those switch cells would be forward-biased, changing the states of the switch cells into conduction states,
State 1 or 2. As a result, a closed-loop circuit inside the switch network can be formed, and it then
changes the terminal voltages.

As a result of the constraint described above, the maximum instantaneous line-line voltage magnitude of
the multilevel matrix converter with the basic configuration is limited to twice the capacitor voltage. In
other words, for the multilevel matrix converter with N series-connected switch cells in each branch of the
switch network, the possible voltage levels of the terminal line-line voltages can vary from —2NV_ to

cap
+2NV

cap *

Phase A Plflase a
V,g=0V Vo = +Vca&
Phaseb V.,=-2Vcap

Veq=1Veap Phatse B
Ve =+Veap

Vge=-Veap

Phase C Phase ¢

\+2Vcap— 7

Figure 2.6: An example of invalid switching-device combination
having 2V.,, across the non-conducting switch cells
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In PWM, the above constraint implies that the multilevel matrix converter with basic configuration can
operate with the instantaneous line-line voltages exceeding the capacitor voltage only when the voltage
magnitudes at both sides of the converter are significantly different. The side that has line-line voltage
magnitudes exceeding the capacitor voltage operates with three-level switching, while the other side
operates with two-level switching.

2.2.2 Generating Valid Switching-Device Combinations

To generate a valid switching-device combination, all line-line voltages are used to determine voltages
across all nine switch cells. Those switch cells that have the same voltage potential at both terminals are
switched to the short-circuited state (State 3), while those switch cells that have £V across their

cap
terminals are operated with their capacitors connected according the voltages between their terminals.
After states of all nine switch cells are determined, five of nine branches that satisfy the constraints of the
branch connection described in Section 2.1.2 can be chosen to form a valid switching-device
combination. The processes to generate valid switching-device combinations can be divided into three
cases depending on the voltage levels generated by the converter.

2.2.21 Case1
0,

and —V,,, (two-level switching) at both sides, the polarities of capacitors at the input and the output

For the case when the line-line voltages of the multilevel matrix converter have magnitudes of +V,,,,

phases can be determined directly. Zero line-line voltage leads to the two phases connected to the same
polarity of capacitors. Then, the states of all nine switch cells can be determined by the voltage difference
between the two phases that they are connected to. For example, suppose that the terminal voltages of the
converterare  Vp=—V. ., Ve =0V, Ve, =4V, V=4V, Vs =0 V,and V,, =V, (Fig. 2.7).

cap ? cap ? cap?
Then, the voltage V', =-V,,, determines that the input phase 4 must be connected to the negative

polarity of the switch-cell capacitors, and the input phase B must be connected to the positive polarity of
the capacitors. The voltage V. =0 V indicates that the input phase C must be connected to the positive

polarity of the capacitors as well. Likewise, the output phase @ must be connected to the positive polarity
of the switch-cell capacitors, while the output phases b and ¢ must be connected to the negative polarity
of the capacitors. Because the input phases B and C and the output phase ¢ have the same voltage
potential (at the negative capacitor polarity), the switch cells connected between those phases, Sz, and Sc,,
are operated in State 3 (short-circuited state). Similarly, the input phase 4 and the output phases » and ¢
also have the same voltage potential (at the positive capacitor polarity); therefore, S, and S, are operated
in State 3 as well. The remaining switch cells are operated such that they provide correct voltages
between the two phases to which they are connected . For instance, the voltage difference between the
input phase 4 and the output phase a is +V__ ; therefore, the switch cell Sy, is operated in State 2.

cap >

Analogously, the switch cells Sgy, Sa., Scp, and S, are operated in State 1.
More caution is necessary when the multilevel matrix converter has all zero line-line voltages at one side.

Every phase on the side that has all zero line-line voltages can have voltage potential at either positive or
negative capacitor polarity. As a result, more valid switching combinations can be generated.
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2.2.2.2 Case?2

PhaseA @ - +@ Phasea

t
V'“:l'v“‘” Multilevel ’l”
PhaseB @+  NAtriX - Phaseb
converter TO

V=0V
:
Phase C @+ -@ Phasec
\
Phase A - + Phase a
V,p=-Veap V= +Veap
Phase B 4+ - Phase b
!
V=0V Vm.I ov
Phase C+ - Phase ¢
Phase A - + Phase a
f
Vp=-Veap Vo I +Veap
|
Phase B 4+ - Phase b
f
V=0V Vh[,Iov
PhaselC + - Phase ¢

Phase a Phase A
Vap = +Veap Vg = -Veap

Phase b o o o Phase B
Vpe s OV Vpe=0V

Phase ¢ Phase C

Figure 2.7: Generating valid switching combinations: Case 1

In this case, when only one of the converter line-line voltages has a magnitude of twice the capacitor
voltage, two capacitors are series-connected between those two lines. The midpoint of the two series-
connected capacitors can be at any phase on the other side of the converter because they all have the same
voltage potential to avoid excess voltages across open-circuited switch cells. The remaining phase on the
same side also has voltage potential at the mid-point voltage and, therefore, can be directly connected to
any phase on the other side of the converter. Then, the states of the remaining switch cells can be
determined by the voltage difference between two phases that they are connected to.
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For instance, assume that line-line voltages of the converter are V, , =Vpe =V, =0 V, V,, =42V,

Vie ==V and V,, ==V, (Fig. 2.8). The output phase a is connected to the most positive point of two

series-connected capacitors, whereas the output phase b is connected to the most negative point. The
voltage potential at the output phase c is equal to the midpoint voltage to provide V,. =-V_., and

cap

Ve ==V, This means that the input phases 4, B, C and the output phase ¢ have the same voltage

potential. Therefore, the switch cells Sy, Ss., and S¢. are operated in short-circuited state. With voltage
-V, between each input phase and the output phase a, the switch cells S44, Spi, and Scp, are operated in

State 2. Likewise, there are voltages with magnitude +7,,, between each input phase and the output
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Figure 2.8: Generating valid switching combination: Case 2
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phase b, the switch cells Sy;, Sy, and S¢,, therefore, are operated in State 1. The operations of all nine
switch cells for this example are illustrated in Fig. 2.8.

2.2.2.3 Case3

To generate switching-device combinations for the multilevel matrix converter having line-line voltage
magnitudes of +2V,,,, 0V, and -2V, the concepts from the pervious cases are adapted. The line-line

cap >
voltage with a magnitude of twice the capacitor voltage can be obtained by the series-connection of two
capacitors. Zero line-line voltage means that the two lines have the same voltage potential, which can be
achieved by series-connecting two switch-cell capacitors in opposite directions. In this case, only phases
on the other side of the converter have voltage potential at the midpoint voltage of the two series-
connected capacitors. As a result, no switch cell is operated in short-circuited state (State 3).

An example for this case is shown in Fig. 2.9, where the line-line voltages of the converter are
Vg =Vge =Vey =0 V, V=42V, V. =0 V, and V,, =-2V_ . The voltage V, =+2V,,, indicates

cap ®
that the output phase «a is connected to the most positive point of the two series-connected capacitors,
whereas the output phase b is connected to the most negative point of the two series-connected capacitors.
The V,. =0 V voltage makes the voltage potentials at the output phases b and c to be the same. All input

phases have voltage potentials equal to the voltage potential at the mid-point of the series-connected
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Figure 2.9: Generating valid switching combination: Case 3
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capacitors. With voltage —V,,, between each input phase and the output phase a, the switch cells S.a, Spas

and Sc, are operated in State 2. Likewise, with voltages +V,,, between each input phase and the output

phase b and the output phase c, the switch cells Sy, Sz, Scp, Suc, Sze, and Sc. are operated in State 1.

2.2.3 Redundant Switching Combinations

In the previous section, a valid switching-device combination is constructed from selecting five of nine
branches in the switch network that satisfy the constraints of branch connection. Regardless of the
combinations of five branches, all combinations generate identical line-line voltages of the multilevel
matrix converter. For switching-device combinations that generate identical converter voltages, they can
be considered as “redundant switching combinations.” The redundant switching combinations in the
multilevel matrix converter are analogous to those in the multilevel DC-link converter. They are generally
used for regulating capacitor voltages because different converter configurations can be employed to
generate the same terminal voltages, but those terminal voltages will have different currents through
switch-cell capacitors.

For instance, Fig. 2.10 illustrates four different switching-device combinations that provide identical line-
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Figure 2.10: Examples of redundant switch combinations

Phase ¢

36



line voltages (V,;, =V,

cap °

Vee =0V, Ve =+V,,, ,and V,, =V, =V, =0 V). However, the switching-

cap >

device combinations involve different branch connections and switch-cell capacitors. As a result, different
currents flow through the switch-cell capacitors. For example, in the first switching-device combination,
the input current I, flows through the switch-cell capacitor C,,, while in the second switching-device
combination, the input current / and the input current /- flow through the switch-cell capacitors Cg, and
Cc., respectively. Note that the net charges (currents) through all switch-cell capacitors in redundant-
switch combinations are also the same; the net charges depend on the terminal voltages.

All valid switching-device combinations are included in Appendix B. The switching-device combinations
are grouped into a table as redundant switching combinations that generate the given combination of the
input and the output voltages. Currents through the capacitors involved in each switching device
combinations are also included.

During operation, a switching-device combination must be chosen from the redundant switching
combinations to synthesize the terminal AC voltages. A switching-device combination might be chosen
such that more than one switch-cell capacitor can be regulated simultaneously. However, to search a
suitable switching-device combination for regulating capacitor voltages from a large number of the
redundant switching combinations is difficult for a real-time control. A simple control scheme that can
determine a suitable switching-device combination from a given terminal voltage and capacitor
combination is proposed and described in the next chapter. The control scheme is valid within a range of
voltage-gain ratios, with arbitrary power factors at both converter terminals.

2.3 Space-Vector Control

Space-vector control is adapted for the multilevel matrix converter as a technique to synthesize the
terminal voltages of the converter. This control technique is based on a transformation of three-phase
variables into a simpler two-coordinate variable without loss of information, generally called dg
coordinate. The space-vector control technique has been proven possible to considerably simplify the
complexity of the mathematical model [5]. In addition, the SVM can perform a better harmonic rejection
capability than does the sinusoidal PWM [28].

2.3.1 d-q Transformation

An analysis of three-phase systems can be simplified by transforming the three-phase variables into
equivalent two-phase dg variables using the following dg transformation:

no

o(t) = va(t) _2 cos(0) cos(Z) cos( o(®) 2.1

[
SN—

v, (t) 3 sin(0) sin(%) sin(4F)
v, (1)
where v (1), v, (1), and v,(¢) are voltages in a three-phase system.
The transformation can also be expressed in a complex-variable form as follows:
2 s ™
3(t) = valt) + jog(t) = 5 (0a() + v, (D) +v.(t)es) (22)

3

The steady-state quantities of v,(¢) and v, (z) from the transformation of Egs.(2.1) or (2.2) are

sinusoids. In practice, the second transformation
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Table 2.1: Combinations of Line-Line Voltages and the Corresponding Space Vectors Attained
from the Multilevel Matrix Converter with the Basic Configuration

Three-phase variables DQ@ variables
Vab Ve Vea Va Vq
0 0 0 0 0
Veap 0 Vi Veap Veap/ V3
0 Vip Ve 0 2Vip/V3
—Veap Veap 0] —Vewp Veap/ V3
—Veap 0 Veap | —Veap  —Veap/V3
0 —Vip Veap 0 —2Vip/V3
Veap  —Veap 0| Vep —Vew/V3
Weap —Veap  —Veap | 2Veap 0
Veap Veap  —2Veap Veap V3Viap
~Veap  2Veep  —Veap | —Veap V3Viap
—2Veap Veap Veap | —2Veap 0
Ve —Vep  Veap | —Vewp  —V3Veap
Veap  —2Veap Veap Vep  —V3Veap
2Weap 0 —2Vep | 2Veep  2Vep/V3
0 2Vip —2Veap 0 4Vip/V3
~Weap  2Veap 0| —2Veap  2Viap/V3
~2Veap 0 2Wep | ~2Vewp —2Viup/V/3
0 ~2Vip  2Viyp 0 —4Vep/V3
2WVeap  —2Veap 0| 2Vip —2Vep/V3

% _ cos(wt)  sin(wt) va(t) 23)
Vi, —sin(wt) cos(wt) v,y(t)

is employed to convert the rotate waveforms of v,(r) and v, (¢f) into a frame of reference that is

stationary with respect to time.

The transformation of Eq. (2.3) is useful for control of three-phase line currents, but is not directly used in
SVM. It should be noted that this second transformation is not included in Eq. (2.1).

2.3.1.1 Reference Voltage in the dg-Coordinate

For the three-phase converter applications, balanced three-phase sinusoidal voltages are usually desired.
In the space-vector control technique, this corresponds to producing a space vector of constant amplitude,
which rotates at the desired frequency. Suppose that the desired line-line voltages are expressed as
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Vap(t) = Vi, cos(wt)
Vpe(t) = Vy, cos(wt — 120°) (2.4)

Vea(t) = Vi cos(wt — 240°)

where V, denotes the magnitude of the line-line voltages. By substituting Eq. (2.4) into Eq. (2.1), the
corresponding space vector can be obtained as

Vi cos(wt)
va(t) 2 | cos(0) cos(120°) cos(240°)
= Vi cos(wt — 120°)
sin(0) sin(120°) sin(240°)
Vi cos(wt — 240°) (2.5)

Vi cos(wt)

Vi sin(wt)

As illustrated in Eq. (2.5), the balanced three-phase voltages with line-line magnitude 7, and frequency
o correspond to a space vector with magnitude V,,, rotating with frequency @.

2.3.1.2 Space Vectors Attainable from the Multilevel Matrix Converter

As described previously in this chapter, the multilevel matrix converter with the basic configuration can

generate line-line voltages with voltage-levels of +2V, , +V,,,, 0, =V, or =2V, . This leads to 19
combinations of three-phase line-line voltages in terms of capacitor voltage V,,, as listed in Table 2.1.

All 19 combinations of line-line voltages are transformed into space vectors by Egs. (2.1) or (2.2).

Figure 2.11 shows all 19 space vectors in the dg coordinate. These 19 space vectors have four different
magnitudes: 0, 2V / V3 , 2V ,and 4V / 3 . The null-state space vector corresponds to the converter

cap cap ? cap
/3 . These six space

vectors correspond to the converter having line-line voltages with magnitudes +V,,,, 0, and —V,,,. The

cap *

having all zero line-line voltages. There are six space vectors with magnitude 2V,

other six space vectors with magnitude 2V,

with magnitudes of twice the capacitor voltage and the remaining two line-line voltages with magnitudes

correspond to the converter having one of line-line voltages

of one capacitor voltage. The remaining six space vectors with magnitude 4V,,,/ NG) correspond to the
0,and -2V,

cap *

converter having line-line voltages with magnitudes of +2V,,,,
The six space vectors with magnitude 2V, / NE) (the second group in Table 2.1) and the null-state space

vector are employed for two-level switching. For the three-level switching, the SVM employs 18 space
vectors, except the null-state space vector. In the basic converter configuration, three-level switching is
restricted to when the voltage magnitudes at both sides are significantly different. This occurs because

generations of space vectors with magnitudes greater than 2V, /A3 on one side of the converter force

the other side to have all zero line-line voltages, as described previously. Additional converter space
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Figure 2.11: The 19 space vectors attainable from the multilevel matrix converter

vectors are possible when multiple modules are placed in each branch of the switch network.

2.3.2 Space-Vector Pulse Width Modulation

The basic concepts of the space-vector PWM technique are different from those of the conventional
PWM technique. In the conventional PWM technique, each semiconductor device can be controlled
independently; then each terminal voltage is also generated independently. In contrast, the space-vector
PWM technique treats the converter as a single unit. All devices in the converter must be changed
together to generate the terminal voltage. Modulation is accomplished by switching among switching-
device combinations of the converter.

In the SVM, the desired reference space vector can be expressed as a linear combination of three adjacent
space vectors. Suppose that the desired reference space vector V,.At) lies among the space vectors V,, V5,
and V,; given this, the reference space vector V,(t) can be expressed as

‘/ref(t) - daVa + db‘/b + dc‘/c
T, T, T, (2.6)

or Vieef(t) = TVa + T‘fb + 7—,‘/;
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where d,, d,, and d. are the duty cycles of the space vectors V,, V,, and V,, respectively. Ty is the
switching period of the converter, and

do+dy+d. =1
2.7)

or T.+Ty+Tc=T;

Equation (2.6) suggests a way to use PWM to generate a three-phase voltage of which the average value
follows a given three-phase reference by switching among the space vectors V,, V;, and V. with duty
cycles d,, dy, and d,, respectively. In other words, the converter is changed to a configuration that
generates line-line voltages corresponding to the space vector V, for a duration of time 7,, then it is
changed to another configuration having line-line voltages corresponding to the space vector V), for a
duration of time 7}, and so forth. The average values of the three-phase voltages will then follow V..

2.4 Summary of Key Points

The multilevel matrix converter with the basic configuration consists of nine capacitor-clamped H-bridge
switch cells connected from each input phase to each output phase. The terminal voltages of the converter
are synthesized from the PWM of the switch-cell capacitor voltages. As a result, inductors are used as
filter elements at both sides of the converter. With the symmetrical structure, the converter is able to both
step-up and step-down the voltage magnitudes. The operations and limitations of the multilevel matrix
converter have been explained in this chapter. From the understanding of the converter constraints, an
approach to generate valid switching-device combinations from given terminal voltages has been
developed.

The SVM technique is employed as a technique to synthesize the terminal voltages of the converter. The
modulation is performed in the dg coordinate; hence, the three-phase variables are transformed into two-
phase dg variables. The SVMs for both sides of the converter are independent from each other. The
multilevel matrix converter with the basic configuration can generate 19 combinations of three-phase
line-line voltages at each side, which correspond to 19 space vectors in the dg coordinate: one null-state

space vector, six space vectors with magnitude 2V, / V3 , siX space vectors with magnitude 2V, and

cap

six space vectors with magnitude 4V, / /3. The null-state space vector and the six space vectors with

magnitude 2V, / 3 are used for the two-level switching, whereas the 18 non-zero space vectors are

used for the three-level switching.
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3 Control Schemes for Two-Level Operation

To synthesize terminal voltages with two-level switching, the SVM employs the null-state space vector

and six space vectors with magnitude2V,,,/ V3. This chapter provides more details of the SVM

g-axis ‘
Vv,
A(o,z Veay/V3)
I11 II 1%
' ( V]A V) N3)
(- VCap’ Vcap/\@) cap> ~ cap
I\Y% Woroos
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(_ V(,’ap> _V(;ap/\@) (VCap’ _Vcap/\/g)

\[2
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8
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VI I II I I1v v
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Figure 3.1: Six 60° sectors generated from the six space vectors with magnitude 2V /\/5

and one null-state space vector: (a) in dg coordinate, (b) in time domain

technique for two-level switching. The proposed control schemes, the eight-capacitor control scheme and
the single-capacitor control scheme, for the multilevel matrix converter operating in the two-level
switching mode are also explained in this chapter. With the eight-capacitor control scheme, switch-cell
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capacitors are connected in parallel to generate terminal voltages. Sets of parallel-connected capacitors
disclose all possible capacitors that can be used for given terminal voltages. The single-capacitor control
scheme was proposed to reduce the complexity of the converter by involving only one switch-cell
capacitor at a time. The single-capacitor control scheme allows the multilevel matrix converter to be
modeled as a two-level DC-link converter. Besides, the single-capacitor control scheme can theoretically
stabilize capacitor voltages in the converter. Experimental results from the prototype operated with both
control schemes are also included.

3.1 SVM for Two-Level Switching

When operating with two-level switching, the multilevel matrix converter can generate terminal line-line
voltages with voltage levels of +V_ , 0, and -V, . The SVM technique for this operational mode

ap ° cap *

involves six space vectors with magnitude 2V, / /3 and one null-state space vector generated from the

multilevel matrix converter (Section 2.3.1.2). These seven space vectors form a hexagon diagram, which

can be divided into six 60°sectors (Fig. 3.1[a]). The corresponding positions of the space vectors and
sectors in time domain are illustrated in Fig. 3.1(b). The period of three-phase sinusoidal waveforms is

also divided into six 60°sectors where none of the waveforms change their signs. Note that there are
separate dq diagrams of each side of the converter.

The desired reference space vector for each side of the converter, at any given time, lies within one of the

six 60°sectors. The SVM employs two adjacent space vectors and the null-state space vector to
synthesize the desired reference space vector. Assume that the desired reference space vector v,(?) lies

within one of six 60° sectors, between the space vectors V; and V; (Fig. 3.2). The desired reference space
vector v,.(t) can therefore be expressed by a linear combination of the two adjacent space vectors (¥} and
V), and the null-state space vector Vj as

Vref = Ay Vi + di Vi + do Vo (3.1)

where dy, dk, and dl are the duty cycles of the space vectors V0, Vk, and VI, respectively, and
dp+di+dy =1 (3.2)

The solution of the duty cycles from the vector diagram in Fig. 3.2 using Egs. (3.1) and (3.2) and
simplifications yield the following:

Figure 3.2: Diagram of SVM
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=1 — M sin(60° + ¢)

The SVMs for both sides of the multilevel matrix converter can be performed independently. However,
the switching periods for the input and output sides must be synchronized. Assume that the desired input-
side reference space vector has two adjacent space vectors, V} and V), while the desired output-side
reference space vector has two adjacent space vectors, V,, and V,. The duty cycle of each space vector is
computed using Eq. (3.3). In one switching period, the input and the output sides of the converter are
driven with their respective space vectors and duty cycles (Fig. 3.3). Typically, because the input- and the
output-side reference space vectors have different magnitudes and frequencies, the space vectors at both
sides have different duty cycles; the switching of the input- and the output-side space vectors occurs at
different times. As a result, each switching period can have a maximum of five distinct subintervals,
which have different combinations of the input-side space vector and the output-side space vector. Note
that the order of the space vectors in each switching period is arbitrary.

In each subinterval of any switching period, the configuration of the multilevel matrix converter must be
changed to generate different terminal voltages according to the input and output space vectors. In fact,
this can be done using only one configuration of branch connection and changing the states of the switch
cells, which can provide only 243 choices of switching-device combinations to be employed throughout
each switching period. However, such operation does not guarantee stability of the DC capacitor voltages.
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Figure 3.3: SVM of both input and output sides,
dividing the switching period into five subintervals

Two control schemes are proposed for the multilevel matrix converter when the converter is operated
with two-level switching on the input and output sides: the eight-capacitor control scheme and the single-
capacitor control scheme [54]. With the eight-capacitor control scheme, a converter configuration for
each subinterval is generated by the approach described in Section 2.2.2. All nine switch cells conduct
currents at any given instant. In addition, the capacitors are connected in parallel. In each switching
period, a total of eight capacitors are involved in synthesizing terminal voltages. This increases the
effective capacitance for transferring the energy through the converter. On the other hand, with the single-
capacitor control scheme, a switching-device combination for each subinterval is chosen from redundant
switching combinations such that only one capacitor is employed to synthesize terminal voltages
throughout a switching period. This approach can minimize circulating currents among the capacitors.
Consequently, the stability of capacitor voltages and the efficiency of converter are improved.
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Input-side Space Vector Diagram
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Figure 3.4: An example of SVM
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3.2 Eight-Capacitor Control Scheme

3.2.1 Control Scheme

The eight-capacitor control scheme is a simplified control scheme for the multilevel matrix converter. For
a given set of converter line-line voltages (input-side and output-side space vectors) there is only one
switching-device combination. The switching-device combination can be generated from known terminal
voltages by the approach described in Section 2.2.2. For different input-side and output-side space
vectors, different sets of capacitors are involved in the switching-device combinations. Throughout a
complete switching period, a total of eight capacitors are involved in transferring the energy.

With the eight-capacitor control scheme, all nine switch cells conduct currents at any given instant and
switch-cell capacitors are allowed to be connected in parallel. As a result, the converter configurations
violate the constraints of branch connection described in Section 2.1.2.

Consider an example in which the multilevel matrix converter generates the input-side and the output-side
voltages (Fig. 3.4[a]). At a switching period marked by the vertical bars, the corresponding input-side
reference space vector lies between the space vectors V3 ;, and V4 ;,, whereas the corresponding output-
side reference space vector lies between the space vectors Vi ,,, and Vg .. (Fig. 3.4[b]). The duty cycle for
each space vector can be computed using Eq. (3.3). The SVM technique involves the modulation among
input-side space vectors Vi ;, Vi, and Vo ;, with duty cycles of ds j,, ds i, and dy ;, respectively.
Likewise, the output-side involves the modulation among the space vectors Vi ou, Ve our » and Vy o, With
duty cycles of di ou, ds ou» and dy ., respectively. A possible pattern of the input- and the output-side
space vectors in one switching period is shown in Fig. 3.5. The switching period is divided into five
subintervals where the converter generates different input- and output-side space vectors; in consequence,
the terminal line-line voltages differ.
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With the space-vector pattern shown in Fig. 3.5, the line-line voltages of the converter can be determined
from the input-side space vector and the output-side space vector (Fig. 3.6). These line-line voltages can
be employed to determine the converter configuration by the approach described in Section 2.2.2. The
switching-device combinations for each subinterval are illustrated in Fig. 3.7. The converter involves a

different set of switch-cell capacitors for each subinterval.
< TS o
. VOﬁin : V47 in : V3jn
Input side ; :
dyTy > d, Ty >e—d,T;—>
Output side Yo_out Vi our Ve out

doTs o d, T > diTs &

Subinterval 1 P, 3 P 5

Figure 3.5: Possible switching pattern of the input and the output
space vectors in one switching period for the example
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Figure 3.6: PWM line-line voltages in the given switching period for the example
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Close examination of Fig. 3.7 reveals that the capacitor of the switch cell in branch Ab is never employed
in the given switch period. With this modulation approach, eight of the nine capacitors participate in
synthesizing the terminal voltages during each complete switching period. Note that if the order of the
input- and output-side space vectors is changed, different combinations of input- and output-side space
vectors for each subinterval are obtained, as well as the duration of each subinterval. This also results in
different sets of converter configurations and capacitors. In addition, in some cases all nine capacitor can
participate in synthesizing terminal voltages during each switching period.

This control scheme has no limitation on the conversion ratio of the input and the output voltage
magnitudes. In fact, if the voltage magnitudes of both input and output sides are significantly different,
with the same order of the input and output space vectors, all nine switch-cell capacitors can be involved
in one switching period.

This control scheme has one advantage — the effective capacitance for transferring the energy is increased
and, hence, capacitor voltage ripple is reduced. The disadvantage of this control scheme is that high peak
currents occur during the transition of the subintervals. Because the control scheme employs different sets
of capacitors for subintervals in each switching period, charge balance of the switch-cell capacitors
cannot be achieved. This leads to a problem of the stability in the capacitor voltages as the operating
voltage of the converter increases.

3.2.2 Experimental Results from the Eight-Capacitor Control Scheme

The following experimental results illustrate the performances of the multilevel matrix converter with the
eight-capacitor control scheme. The 60-Hz input voltages were converted into 30-Hz voltages with the
following modulation indices:

M, = —‘”T;f"'”’ — 0.90
cap (3.4)

Hv'r’e_f—outH
M, = \—ref=outl _ 75
' Veap

The multilevel matrix converter operated at a switching frequency of 50 kHz. More details about the
laboratory prototype are described in Chapter 6.

The input and the output PWM line-line voltage waveforms and current waveforms are shown in Fig. 3.8.
The trajectories of the input and the output voltages in the dg coordinate are illustrated in Fig. 3.9, while
the trajectories of the input and the output currents are illustrated in Fig. 3.10. Figure 3.11 shows the
output PWM line-line voltage waveform along with the filtered output line-line voltage waveform. The
variation of the DC capacitor voltage along the output line period is shown in Fig. 3.12. Afterward,
Fig. 3.13 shows a comparison of two capacitor voltage waveforms.
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Figure 3.8: Voltage and current waveforms:

Trace 1: input PWM line-line voltage waveform at 200 V/div
Trace 2: output PWM line-line voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div
Horizontal scale: 10 ms/div
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Figure 3.9: Trajectories of input- and output-
voltages in dq coordinate
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Figure 3.10: Trajectories of input and output currents in dq coordinate
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Figure 3.11: The 30
Trace 1: PWM voltage waveform at the output of the switch network

Trace 2: filtered load voltage waveform, after filtered by an LC low-pass network
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Figure 3.12: Variation of DC capacitor voltage, without active control
Trace 1: DC capacitor voltage waveform
Trace 2: filtered-load voltage waveform
Both traces have scale of 100 V/div

Even though the multilevel matrix converter operating with this control scheme exhibited practicability in
the prototype testing, the capacitor voltage imbalance q and the current spikes in the converter tended to
be more severe at the higher operating power. These problems restrained the converter from operating at
higher voltage levels.

3.3 Single-Capacitor Control Scheme

3.3.1 Control Scheme

When the multilevel matrix converter synthesizes the input- and the output-side voltages with two-level
switching, the terminal line-line voltages have voltage-levels of +V,,, 0, and -V,,,. Hence, only one
switch-cell capacitor is sufficient to be employed for synthesizing the terminal voltages in each
subinterval. It is also possible to employ the same capacitor for all five subintervals in each switching
period. When only one capacitor is used to transfer energy between both sides of the converter, charge
balance on this single capacitor can be achieved in one complete switching period. By avoiding the
parallel connection of the capacitors, circulations of currents among multiple capacitors are minimized.
Therefore, the converter should exhibit high efficiency. This concept allows the multilevel matrix
converter to be modeled as a two-level DC-link converter, which significantly reduces the complexity of
the converter operations.
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Control of the multilevel matrix converter with this concept can be accomplished through a variety of
approaches; however, the proposed approach is relatively simple and easy to be implemented for a real-
time control. To guarantee that the switch-cell capacitor to be employed throughout a switching period
exists, the pattern of space vectors as demonstrated in Fig. 3.14 is required. In one switching period, each
side of the converter synthesizes terminal voltages using three space vectors: one null-state space vector
and two space vectors with magnitude 2V,,,/ 3. For both input and output sides, the pattern starts with the
null-state space vector, then follows with the space vector having the greater duty cycle, and then ends
with the space vector having the lesser duty cycle.

Consider the example used in the previous section. For the input side, the modulation angle is greater than
30°; hence, the duty cycle of the space vector V; ;, is greater than the duty cycle of the space vector V3 j,.
For the output side, the modulation angle is also greater than 30°; hence, the duty cycle of the space
vector V| ., is greater than the duty cycle of the space vector V5 .. The pattern of input-side and output-
side space vectors in one switching period is shown in Fig. 3.15, as well as sets of capacitors that can be
employed for each subinterval. In this case, the order of the input- and output-side space vectors is
identical to the one shown in Fig. 3.5. The set of switch-cell capacitors for each subinterval is the same as
those employed in the eight-capacitor control scheme. Notice that capacitor Cy,, from the switch cell that
is connected between the input phase A4 and the output phase @, can be employed throughout the switching
period. Then the switching-device combination for each subinterval can be chosen from redundant switch
combinations that involve the capacitor from switch cell S4, and any four more switch cells that operate in
State 3 (short-circuited state) in the switch network. Figure 3.16(a) shows an example of possible
switching-device combinations for each subinterval.
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Figure 3.13: The DC capacitor voltage waveforms of two different switch cells;
Trace 1 and Trace 2 are both set to scale of 100 V/div at different ground reference level
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Figure 3.14: The pattern of input-side and output-side space vectors
for the single-capacitor control scheme
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for the example with sets of capacitors that can be used in each subinterval
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Figure 3.16(b) illustrates the connections in an equivalent DC-link converter that generates identical space
vectors. The DC-link capacitor is equivalent to the capacitor C,,. The waveforms of the input and output
line-line voltages in the switch period are identical to those illustrated in Fig. 3.6. Note that the order of
subintervals can be further rearranged arbitrarily and it may be advantageous to sequence the subintervals
differently to improve some specific qualities such as the total harmonic distortion or the switching loss.
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Figure 3.16: Converter configuration with the single-capacitor control technique:
(a) switching-device combinations of each subinterval, (b) equivalent DC-link circuits
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Throughout the input- and the output-line cycle, the converter employs all nine switch-cell capacitors to
synthesize terminal voltages. The single switch-cell capacitor to be employed during a given switching
period can be determined depending on two conditions: the positions of the input- and the output-side
reference space vectors and the relative values of the duty cycles for the input- and the output-side null
space vectors. Figures 3.17 and 3.18 summarize the results of the single-capacitor selection from the
single-capacitor control scheme in the dg diagrams. For the case of dj . < dy i((Fig. 3.17), a different
switch-cell capacitor is selected for every 60° of the output-side line cycle and for every 120° of the
input-side line cycle. The situation is reversed for the case of dy ou: > dp ; (Fig. 3.18), where the input and
the output sides are interchanged.

For example, in the case of dy . < dy i, if the output-side reference space vector has angle of 10° (within
the area of £30° of the output-side space vector V) and the input-side reference space vector has angle of
280°, the capacitor Cp, from the switch cell connected between the input phase B and the output phase a
can be employed. However, for the same positions of both reference space vectors but in the case of
do ou > do_in, the capacitor C¢, from the switch cell connected between the input phase C and the output
phase b must be employed.

Figure 3.17: Summary of switch-cell capacitor choice with
the single-capacitor control scheme for the case of dy ouc < do_in
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Figure 3.18: Summary of switch-cell capacitor choice with the
single-capacitor control scheme for the case of dy u¢ > dy in
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It should be noted that when the reference vector coincides with one of the space vectors Vi, V5, ..., Vs,
then the corresponding line-neutral voltages v, Ven, Vons ~Vans Vens Von attain their peak values. Thus, the
single-capacitor selection in the single-capacitor control scheme can be summarized in another way: the
converter employs the capacitor from the switch cell connected between the input phase and the output
phase that has the largest opposite polarity line-neutral voltage. The side of the converter in which the
null-state space vector has less duty cycle must be considered first. For example, suppose that d ., is less
than dy ju. If Veeroud?) lies within £30° of the space vector V3, then the output-side line-neutral voltage
ven(?) lies within £30° of its peak positive value for the output AC line cycle. Therefore, one of the three
capacitors from the switch cells connected to the output phase b (either Cy;, Cgp, or Cc,) can be chosen.
Next, the input side is examined. To narrow the choice to a single capacitor, the capacitor that is
connected to the phase having the largest negative value, of opposite polarity to the output side, is
selected. Three of the six space vectors lead to negative-polarity input space vectors: V,, Vi, and Vg
corresponding to negative vey, van, and vgy, respectively. The space vector that lies closest to (within
1+60°) the input reference space vector is selected. For instance, if the input-side reference space vector
lies between the space vectors ¥, and Vs, then it is closest to the negative space vector V,, so input
phase A exhibits the most negative line-neutral voltage. Therefore, capacitor Cy, is employed.

For the single-capacitor control scheme to be valid, the conversion voltage gain ratio is limited to the
following:

Vief—in| 1
\/§ > m > 3.5
2 WVees—outl = V3 -2)

his condition comes from a constraint in the combinations of the null-state space vector and the space
vectors with magnitude 2pr/\/3. The combinations of the null-state space vector and two adjacent space
vectors on the other side always result in different sets of allowed switch-cell capacitors (Appendix B).
For example, the combination of the input-side null-state space vector Vy;, and the output-side space
vector V. allows the converter to employ switch-cell capacitors Cy,, Cg,, or Cc, as a single capacitor in
the switching-device combination. However, the combination of the input-side null-state space vector V5.
i and the output-side space vector V., allows the converter to employ switch-cell capacitor Cyj, Cpy, Or
Cc». Therefore, to guarantee that a capacitor exists that can be employed throughout a complete switching
period, each switching period must contain only one subinterval having a combination of the null-state
space vector and a space vector with magnitude 2pr/\/3. The pattern shown in Fig. 3.14 means that the
duty cycle of the input null-state space vector has to be greater than the sum of the duty cycle of the
output null-state space vector and the maximum duty cycle between the two output space vectors. This
condition implies the limited voltage ratio as shown in Eq. (3.5). Because the converter is symmetrical, it
can work with the input and output interchange. This condition is also reflected in Eq. (3.5).

3.3.2 Experimental Results from the Single-Capacitor Control Scheme

3.3.21 Case1

The converter was programmed to convert 60-Hz input voltages into 30-Hz output voltages, with the
following modulation indices:
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M, — ””’";f‘”” — 0.94
cap (3.6)

|Vres—outl|
My, = ——=0.84
' Vieap

The prototype was operated with a switching frequency of 50 kHz. Details of the hardware prototype are
described in Chapter 6.

Voltage and current waveforms are illustrated in Fig. 3.19. At this operating point, the capacitor voltages
were approximately 150 V. The top trace, Trace 1, is the line-line voltage waveform that appeared at the
input (60-Hz) side of the switch matrix. The PWM voltage waveform switched among 0, +V,,, and -V,
Trace 2 is the PWM line-line voltage waveform that appeared at the output (30-Hz) side of the switch
matrix. Traces 3 and 4 are the resulting current waveforms that appeared in the input-side and the output-
side inductors, respectively.
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Figure 3.19: Voltage and current waveforms. Case 1
Trace 1: input PWM line-line voltage waveform at 200 V/div
Trace 2: output PWM line-line voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div
Horizontal scale: 10 ms/div
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The trajectories of the input and output voltages in the dg coordinate are illustrated in Fig. 3.20, whereas
the trajectories of the input and output currents in the dg coordinate are illustrated in Fig. 3.21.
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Figure 3.20: Trajectories of input- and
output-voltages in dq coordinate

q-axis

d-axis

Figure 3.21: Trajectories of input- and
output-currents in dq coordinate
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Figure 3.22 illustrates the output voltage waveforms produced at this operating point. Trace 1 is the PWM
line-line voltage waveform that appeared at the output of the switch network which is similar to Trace 2
in Fig. 3.19. Trace 2 is the waveform of the filtered output line-line voltage.

Tek  Slopped Thege 0f Jan 04 10753720

Chil 100 Chi 100 B 100 SO J00nRsgl
A Line 51087 ¥

Figure 3.22: The 30-Hz output line-line voltage waveforms for Case 1

Trace 1: PWM voltage waveform at the output of the switch network
Trace 2: load voltage waveform after filtered by LC output low-pass network
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Figure 3.23 illustrates the variation of capacitor voltage over output line cycles. Trace 1 is the capacitor
voltage waveform at approximately 150 V. Trace 2 is the filtered 30-Hz AC output voltage waveform,; it
is similar to waveform of Trace 2 in Fig. 3.22.
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Figure 3.23: Variation of DC capacitor voltages, without any active control
Trace 1: DC capacitor voltage waveform
Trace 2: filtered load voltage
Both traces have scale of 100 V/div
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Figure 3.24 illustrates the variation of the capacitor voltages in two different switch cells. The top half of
the screen shows the two DC capacitor voltage waveforms, whereas the lower half of the screen shows
the same waveforms with an expanded time scale. It shows the period that the charge distributed between
the two switch-cell capacitors. During this period, a high-magnitude current spike is induced in the
converter. To achieve higher operating voltage, a capacitor voltage regulation is required.
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Figure 3.24: The DC capacitor voltage waveforms of two different switch cells. The upper half
of the screen illustrates the measured waveforms at 10 ms/div. Trace 1 and Trace 2 are both set
to scale of 100 V/div at different ground reference levels. The lower half of the screen shows

the same waveforms magnified from the outlined area.
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3.3.2.2 Case?2

Case 2 illustrates that the multilevel matrix converter with the single-capacitor control scheme can operate
at an arbitrary line frequency. The converter was programmed to convert 60-Hz input voltages into 100-
Hz output voltages with the modulation indices of M;, = 0.94 and M,,,, = 0.65.

The input and output PWM line-line voltage waveforms and line current waveforms are illustrated in
Fig. 3.25. The trajectories of the input and output voltages in the dg coordinate are shown in Fig. 3.26.
The trajectories of the input and output currents in the dg coordinate are shown in Fig. 3.27. The output
PWM line-line voltage waveform is illustrated in Fig. 3.28, along with the filtered output line-line voltage
waveform. The variation of capacitor voltage along the output line period is shown in Fig. 3.29.
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Figure 3.25: Voltage and current waveforms, Case 2
Trace 1: input line-line PWM voltage waveform at 200 V/div
Trace 2: output line-line PWM voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div. Horizontal scale: 4 ms/div
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Figure 3.26: Trajectories of input- and
output-voltages in dq coordinate
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Figure 3.28: The 100-Hz output line-line voltage waveforms for Case 2
Trace 1: PWM voltage waveform at the output of the switch network
Trace 2: load voltage waveform after filtered by LC output low-pass network
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Figure 3.27: Trajectories of input- and
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Figure 3.29: Variation of DC capacitor voltage, without active control
Trace 1: DC capacitor voltage waveform
Trace 2: filtered load voltage waveform
Both traces have scale of 100 V/div
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3.3.2.3 Case 3

Case 3 illustrates the boosting voltage magnitude capacity of the multilevel matrix converter with the
single-capacitor control scheme. The 60-Hz input voltages were converted into 30-Hz output voltages
with the modulation indices of M;, = 0.7 and M,,, = 0.9. The DC-capacitor voltages must be greater than
both input and output line-line voltage magnitudes.

The input and the output PWM line-line voltage waveforms and current waveforms are shown in
Fig. 3.30. The trajectories of the input and output voltages in the dg coordinate are shown in Fig. 3.31.
The trajectories of the input and output currents in the dg coordinate are shown in Fig. 3.32. Figure 3.33
shows a waveform of the output PWM line-line voltage along with a waveform of the filtered output line-
line voltage. The variation of capacitor voltage along the output line period is shown in Fig. 3.34.
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Figure 3.30: Voltage and current waveforms, Case 3
Trace 1: input line-line PWM voltage waveform at 200 V/div
Trace 2: output-side line-line PWM voltage waveform at 200 V/div
Trace 3: input phase current at 10 A/div
Trace 4: output phase current at 10 A/div
Horizontal scale: 10 ms/div
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Figure 3.33: The 30-Hz output line-line voltage waveforms for Case 3
Trace 1: PWM voltage waveform at the output of the switch network
Trace 2: load voltage waveform after filtered by LC output low-pass network
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3.4 Summary of Key Points

In this chapter, two control schemes for the multilevel matrix converter with basic converter configuration
operated with two-level switching were described. The control schemes are the extension of the SVM
technique, which is employed to synthesize the terminal ac voltages. The SVM involves the null-state
space vector and the six space vectors with magnitude 2Vcap/\/3 for the two-level switching.

In the eight-capacitor control scheme, the switch-cell capacitors are connected in parallel. In addition, all
nine switch cells conduct currents at any given instant. The switch-cell capacitors employed in each
subinterval of a switching period show all possible capacitors that can be used. With this control scheme,
the converter configuration depends only on the input- and output-side space vectors. The parallel
connection of capacitors increases the effective capacitance for transferring energy of the converter. In
each subinterval of a switching period, the converter employs a different set of switch-cell capacitors to
synthesize terminal voltages. As a result, charge balances of the capacitors cannot be achieved.

In the single-capacitor control scheme, only one switch-cell capacitor is employed to synthesize terminal
voltages during each switching period; all nine switch-cell capacitors are employed throughout the input-
and output-side line periods. The control scheme determines the single capacitor to be employed in each
switching period from two conditions: the positions of the input-side and the output-side reference space
vectors and the relative values of the duty cycles of the input-side and the output-side null-state space
vectors. This control scheme is optimized in a sense of minimizing circulating currents among the
capacitors. In addition, the charge balance of the capacitors can be achieved in one switching cycle. This
control scheme allows the converter to be modeled as a DC-link converter, simplifying the complexity of
the multilevel matrix converter. To guarantee that there is one valid switch-cell capacitor for every
subinterval throughout each switching period, a specific pattern of space vectors is required; hence, the
single-capacitor control scheme can operate within a range of voltage-gain ratios.

The single-capacitor control scheme can theoretically stabilize the capacitor voltages in the multilevel
matrix converter by keeping the charge balance on the single capacitor employed in each switching
period. However, the experimental results also indicated that there were deviations in the capacitor
voltages. The disturbances in the capacitor voltages arise from parasitic inductances inside the converter.
These capacitor voltage disturbances lead to current spikes circulating inside the converter and, therefore,
restrain the multilevel matrix converter from operating at higher voltages. Consequently, well-regulated
capacitor voltages are required. A capacitor voltage-balancing scheme, which is based on the
modification of the SVM, is described in the next chapter.
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4 Capacitor Voltage Balancing Control

This chapter describes the capacitor voltage balancing control, which was proposed to regulate capacitor
voltages of the multilevel matrix converter. The control scheme is based on the modification of the SVM
so that two additional capacitors can be charged and discharged in each switching period. By using two
additional space vectors —having the same magnitude but opposite directions—to partially replace the
null-state space vector in each switching period, the proposed capacitor voltage balancing control has
minimum effect on the average terminal voltages. A Lyapunov’s approach is used to prove the stability of
the control scheme.

4.1 Disturbances in the Capacitor Voltages

In the multilevel matrix converter, the primary source of disturbance to the capacitor voltages arises from
the energy stored in the stray inductances of the wiring interconnecting switch cells. During the dead-time
interval of the on-to-off-state transitions of each switch cell, the energy from the stray-wiring inductance
is transferred into the switch-cell capacitor through the anti-parallel diodes. The capacitor voltage is
gradually charged up when the capacitor is not employed to generate terminal voltages. This continues
until the first switching period, when the capacitor is used in the converter, then it is quickly discharged.
As a result, a high-magnitude current spike is induced inside the converter. This behavior in the capacitor
voltages restrains the converter from being operated at higher voltages. The effect of the stray inductances
on capacitor voltages is dependent on the load current and the switching frequency of the converter.

Figure 4.1 and 4.2 show experimental waveforms of the capacitor voltages when the multilevel matrix
converter operated at switching frequencies of 50 kHz and 25 kHz, respectively. It can be observed from
the experimental results that the capacitor was charged more slowly at lower switching frequency (the
slope of the capacitor voltage is flatter at lower switching frequency). As a result, the deviation in the
capacitor voltage is decreased from 35 % to 20 % when the switching frequency of the converter is
reduced from 50 kHz to 25 kHz.
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Figure 4.1: Capacitor voltage and output Figure 4.2 Capacitor voltage and output PWM
PWM line-line voltage waveforms when the line-line voltage waveforms when with the
converter operated at the switching converter operated at the switching
frequency of 50 kHz frequency of 25 kHz
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Similar to other converters that employ multi-level switching and multiple capacitors, capacitor voltage
balancing is a considerably complex problem. A general cause of the problem is that different currents
flow through capacitors during converter operation. Many capacitor voltage balancing schemes have been
proposed for the multilevel DC-link converter by using additional control schemes [23, 38, 44, 55] or
auxiliary circuits [56]. However, with singularities in the structure and operation, those control schemes
cannot be directly applied to the multilevel matrix converter.

To regulate capacitor voltages with minimum effect on the average terminal voltages, a capacitor voltage
balancing control is proposed based on the modification of the SVM. The proposed control scheme uses
two additional space vectors having the same magnitude but opposite directions to partially replace the
null-state space vector. The use of opposite space vectors allows two additional capacitors to be charged
and discharged in each switching period. In addition, the opposite space vectors with the same magnitude
provide line-line voltages with the average of zero, similar to the null-state space vector. The control
scheme is orthogonal to the average terminal-voltage synthesizing; therefore, it can be applied with the
single-capacitor control scheme.

4.2 Capacitor Voltage Balancing Control

The single-capacitor control scheme described in the previous chapter can theoretically stabilize all nine
capacitor voltages. However, with the limitation that only one capacitor is allowed in each switching
period and the single capacitor is chosen independently from the capacitor voltage, the control scheme
alone is not able to regulate all nine capacitor voltages in the multilevel matrix converter.

One possible approach for regulating capacitor voltages in the multilevel matrix converter can be
achieved by reallocating the space vectors. In each switching period, an additional subinterval is
generated such that change in the charge of the single capacitor employed during the subinterval can be
determined. Figure 4.3 illustrates the space-vector patterns for regulating capacitor voltages.

. . V0-in Vk . 41 /v
input side - - -
. Vo- Vi Vi Vo-
output side 0-out m : n : 0-out
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. . i 14 Vo-i
input side 0dn Vi I, ¥0-in
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— ~ _ H_/
AQ=+ AQ=-
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Figure 4.3: Space-vector pattern for regulating capacitor voltages:
(a) for charging capacitor, (b) for discharging capacitor
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The terminal voltages at the input side of the converter are modulated among the space vectors V, V;, and
Vo.n. The space vectors Vj and V; are the two adjacent space vectors of the input-side reference space
vector, and the space vector V., is the input-side null-state space vector. Similarly, the terminal voltages
at the output side of the converter are modulated among the space vectors V,,, V,, and Vy.... The space
vectors V,, and V,, are the two adjacent space vectors of the output-side reference space vector, and the
space vector Vo, is the output-side null-state space vector.

To charge a capacitor, an additional subinterval having a non-zero space vector at the input side and the
null-state space vector at the output (Fig. 4.3[a]) is employed. Assume that the power is transferred from
the input side to the output side of the converter and only one switch-cell capacitor is used in the
converter during each subinterval. There is no output energy while input energy exists in the additional
subinterval (the last subinterval); therefore, the input energy is stored and charges the capacitor employed
in that subinterval. Likewise, an additional subinterval having the null-state space vector at the input side
and a non-zero state space vector at the output (Fig. 4.3[b]) is applied to discharge a capacitor. With no
input energy, the output energy is supplied only from the capacitor employed in the additional
subinterval.

With the concept described above, the choice of which capacitor to use in the additional subinterval is
limited. The combination of the null-state space vector at one side of the converter and the space vector
with magnitude 2Vcap/\/3 at the other side allows only three switch-cell capacitors to be chosen. Because
either one of the two adjacent space vectors can be used in the additional subinterval, a total of six of nine
switching-cell capacitors can be chosen for regulation. In addition, the charge on the capacitor employed
in the remaining subintervals is also affected by the additional subinterval.

To involve any given capacitor in each switching period with minimum effect on the terminal voltages
and charge on the other capacitors, a capacitor voltage balancing approach is proposed based on the
modified SVM. Note that when the multilevel matrix converter operates in the two-level switching mode,
the SVM involves the null-state space vector and the six space vectors with magnitude 2Vcap/\/3 (Fig. 4.4).
The space vectors can be used to determine the current flowing through the single capacitor employed to
generate terminal voltages.

In the multilevel matrix converter, the current flowing through any single capacitor in each switching-
device combination depends solely on the input-side and the output-side space vectors and not on the
other details of the specific switch state of the converter. In other words, for redundant switch
combinations that generate identical terminal voltages, the current flowing through a capacitor employed
in each redundant switch combination is also the same. An example of redundant switch combinations
that generate terminal voltages Vg = -Vep, Vac =0V, Vey = +Veyp, and Vo = Ve = Vo = 0 V is shown in
Fig. 4.5. In the first switching-device combination, the input current /, flows through the capacitor Cg,,
which is the capacitor in the switch cell connected between the input phase 4 and the output phase a.
Capacitors Cy, and Cy. also have current I, flow-through in the second and the third switching-device
combination, respectively.
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Figure 4.4: Seven space vectors employed in the two-level switching

Phase A @ -Veap+ Plgase a
V5 =-Veap V=0V

Phaseb Vea=O0V

Vey = Veap Pha?e B
Vi =0V

Ve =0V

Phase C L ] Ph‘ase c

Phaie A P?ase a
V,p=-Vecap % VabOV\
'

Vey=Veap Phafe B Phlase b Vea= OV
Vpe=0V VbiOV/
Phalse C Ph‘ase c

Phaie A Phase a
V,p=-V V=0V

cap

Veq = Veap Phaée B o) P}}ase b Vea=0V
Vo= OV % v -ov /

b }

Phase C Phase ¢

Figure 4.5: An example of redundant switching combinations
having the input current I, through switchcell capacitors

N\

/

N\

/

74



Tables 4.1 and 4.2 summarize the corresponding currents flowing through the single capacitor employed
to generate the input-side space vectors and the output-side space vectors, respectively. The reference
direction of the input currents is assumed to flow into the converter, whereas the reference direction of the
output currents is assumed to flow out of the converter. It can be seen from the tables that, for any
opposite space vectors, the currents through the capacitors also flow in opposite directions, independent
of the specific choice of the capacitors.

Table 4.1: Input Currents Through a Table 4.2: Output Currents Through a
Capacitor for Each Input-Side Capacitor for Each Output-Side
Space Vector Space Vector
Input-side space vector | Current Output-side space vector | Current
(Va, Va) (Va, Vo)
(Veap: Vean/V/3) Iy (Veap: Vean/V/3) —1,
(0,2Viup/ V3) —lo (0,2Veap/V/3) L,
(—Veap: Veap/ V/3) Ip (—Veaps Veap/ V/3) —I,
(—Veap: —Veap/V/3) —Ia (—Veaps —Veap/V'3) 1,
(0, =2Veup/V'3) Ic (0, =2Vqp/V/3) ~1,
(Veaps —Veap/V/3) —Ip ( aps —Viap/V/3) I,

4.2.1 Modified SVM

To minimize the effect on the synthesizing terminal voltages, two additional space vectors having the
same magnitude but opposite directions are used to partially replace the null-state space vector. Two
opposite space vectors with the same magnitude also contribute to the average of zero voltage for all line-
line voltages, similar to the null-state space vectors. The two opposite space vectors allow two additional
capacitors to be charged and discharged in each switching period.

With the modified approach for the capacitor voltage balancing scheme, the SVM for two-level switching
at each side of the converter can involve the maximum of five space vectors in each switching period: a
null-state space vector, two adjacent space vectors (similar to the conventional SVM), and two opposite
space vectors. Figure 4.6 shows the diagram of the modified SVM technique. Space vector Vj is the null-
state space vector. Space vectors V; and V; are two adjacent space vectors of the reference space vector,
V.. Space vectors V, and V), are any two opposite space vectors. The reference space vector Vs can be
expressed as

Vier = dtVie + iV, + doVo + d'V, + d'V,
4.1)
with dozl—dk—dl—Qd/

where dj, and d; are the duty cycles of the space vectors V; and V), respectively, which can be obtained
from Eq. (3.3). The variable d' is the duty cycle of the opposite space vectors. The two opposite space
vectors and the null-state space vector contribute to the average of zero voltage for all line-line voltages.
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Figure 4.6: Modified SVM

Consider the case when the modified SVM is employed to synthesize terminal voltages at the output-side
of the converter. The pattern of the space vectors in one switching period is illustrated in Fig. 4.7. The
terminal voltages at the input side are modulated among the two adjacent space vectors of the input-side
reference space vector (¥} and V;) and the input-side null-state space vector (V;.;,,). The terminal voltages
at the output side are modulated among the two adjacent space vectors of the output-side reference space
vector (V,, and V), the output-side null-state space vector (Vo...), and the two opposite space vectors (V,
and V). As a result, with the modified SVM, each switching period can have the maximum of seven
subintervals that have different combinations of the input-side and output-side space vectors. With the
conventional SVM technique, each switching period can have the maximum of five subintervals. By
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+AQ -AQ AQ=0

Use the capacitor from
single-capacitor control scheme

Figure 4.7: Space vector patterns with the opposite space vectors at the output side
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using two opposite space vectors with the same duty cycle to partially replace the null-state space vector
obtained from the conventional SVM technique, the modified SVM can generate the same reference
space vector as the conventional SVM.

With the modified SVM, the multilevel matrix converter can involve a maximum of three capacitors in
each switching period. In the first two subintervals, where the opposite space vectors are employed at the
output side, two capacitors can be charged and discharged because the currents flowing through the two
capacitors employed in these two subintervals are also in the opposite directions. The currents flowing
through the capacitors can be determined from the output space vector (Table 4.2). Capacitor charges are
transferred between these two capacitors during the first two subintervals. As a result, the other capacitor
employed in the remaining subinterval, which can be selected using the single-capacitor control scheme,
experiences no net change in charge.

When the modified SVM is applied at either the input or output side, the choices of switch-cell capacitors
to be regulated is limited. In addition, only one choice of current is available for regulating the capacitors
. This makes the capacitor voltage balancing control saturated when the control tries to regulate the
capacitors with a low-magnitude (near the zero-crossing) current.

To regulate any two of nine capacitors in each switching period, the modified SVMs must be applied at

< Tg >
¥\ Opposite space vectors
Vo | Vo ) . V ) Vi
Us /7 ! < '
Input side id'T|d"Ty doTs . Ty dyTy —>
¥ [\ Opposite spact vectors :
) Vg | -Vl Vo V, V
Output side ,B - i . - T -
d'Ty|d'Ty| dyTy :<_| a,Tg —’:‘— dp T
— —— S ~ v
+AQ -AQ AQ=0
Use the capacitor Use the capacitor Use the capacitor from

with minimum voltage with maximum voltage single capacitor control scheme

Figure 4.8: Space-vector patterns in each switching period having opposite space vectors at
the input and output sides

both sides of the converter. This also allows more choices of currents to regulate the capacitors. For
simplicity of control, the duty cycles are equal for the opposite space vectors applied to the SVMs at both
sides of the converter.. Note that the opposite space vectors at the input-side and the output-side are
independent of each other. Consequently, each switching period still consists of the maximum of seven
subintervals. Two additional subintervals are generated from opposite space vectors at both input- and
output-sides (Fig. 4.8).

Knowing the input-side and output-side space vectors in the additional subintervals, the currents through
the capacitors employed in those subintervals can be determined regardless of the capacitors. The currents
flowing through the capacitors in these two additional subintervals are the combinations of the input- and
output-phase currents, which can be determined using Tables 4.1 and 4.2. Because the opposite space
vectors are employed in two additional subintervals, the currents through the capacitors during those
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subintervals also flow in the opposite direction. The control scheme must be able to employ the capacitor
according to the current in each additional subinterval.

Note that for a given combination of the input- and output-side space vectors, some capacitors cannot be
employed. To ensure that the control scheme can regulate any two of the nine switch-cell capacitors, the
two capacitors that need to be regulated are used to determine the opposite space vectors.

4.2.2 Determination of Two Opposite Space Vectors

The purpose of the capacitor voltage-balancing scheme is to drive all capacitor voltages to the same
value, which is the average of all nine capacitor voltages. Therefore, each capacitor voltage is defined as

‘/cap = Vecap_avg + @cap (42)

where Vq, wyg is the average of all nine capacitor voltages and v,,, is the error of the capacitor voltage

from the average value.

Using two opposite space vectors, two capacitors can be regulated during a switching period. The two
capacitors having the maximum positive and maximum negative error voltages are selected to be
discharged and charged, respectively. The remaining capacitor error voltages are unchanged and bounded
by these two voltages. For any given combination of the two capacitors, a set of two opposite space
vectors can be found that allows the desired capacitors to be charged and discharged.

The selection of any two from the nine switch-cell capacitors to be regulated during each switching period
provides 36 possible combinations. In addition, four or five sets of opposite space vectors exist for each
combination of two capacitors. Table 4.3 lists the sets of input- and output-side space vectors that can be
generated by using both of two switch-cell capacitors. The sets of input-side and output-side space vectors
that have the opposite directions are further grouped together. The notation of the space vectors can be
referred in Fig. 4.4. A set of opposite space vectors is selected from the combination that provides the
largest current magnitude through the capacitor and, hence, the highest gain. This avoids the saturation of
the control scheme by regulating a capacitor with a low-magnitude (near-zero) current.
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Table 4.3: Sets of Opposite Space Vectors for
Each Combination of Two-Cell Capacitors

Combination of | Sets of opposite space vectors
two CapaCitOTS (V'},nput—sidesVo'u,tput—side)

(Caas Cavp) ((V1, Vo), (Va, Vo)) ((V1, V5), (Va, V2)) ((Va, V2), (V6, V5))
((V5, Va), (V2, V5))

(Caa,Cac) (V1, Vo), (Va, Vo)) ((V1, V), (Va, Ve)) ((Va, Ve), (Ve, V3))
<(‘/5a‘/6)7(‘/2;V3)>

(Caa,Cra) | ((Vo, V1), (Vo, Va)) ((Vs, V1), (Va, Va)) ((V5, Va), (V2, V5))
<<V57‘/6>7(‘/2;V3)>

(Caas Cpy) ((V1,V3), (Va, Ve)) ((V1, Va), (Va, V1)) ((V5, V2), (V2, V5))
((V3, V1), (Ve, Va)) ((V3, Ve). (Vs, V3))

(Caa, Chre) ((V1, Va), (Va, V1)) ((V1, V), (Va, V2)) ((V3, V1), (Ve, Va))
<(‘[3n‘/2) (‘/6;‘/5)> <(‘/57V6)ﬂ(V27‘/3)>

(Caa:Cca) | ((Vo, V1), (Vo, Va)) (V3, V1), (Ve, Va)) (Va, V2), (Ve, V5))
<<V37‘/6>7(‘/6;V3)>

(Caa, Cew) ((V1,Vs), (Va, Ve)) ((V1, Va), (Va, V1)) ((Va, V2), (V6, V5))
((V5, V1), (Va, Va)) ((V5, Ve), (V2, V3))

(Caa,Cce) ((V1, Va), (Va, V1)) ((V1, V), (Va, V2)) ((Va, Vs), (Ve, V3))
<(‘/En‘/1)7 (‘/2;V4)> <(‘/57V2); (V27‘/5)>

(CAbacAC) <(V17V0)7 (‘/47V0)> <(V17V1)7 (V47‘/4)> <(‘/57V) (V27V1)>
<<V37‘/4>7(‘/6;V1)>

(Cab,CBa) ((V1, V1), (Va, Va)) ((V1, Va), (Va, V3)) ((V5, V2), (V2, V5))
((Vs,V3),(Ve, Vs)) ((V3, Va), (Ve, V1))

(Cab, Cpo) ((Vo, V3), (Vo, Ve)) ((V5, V2), (V2, V5)) ((V5, Va), (V2, Vs))
<(‘/En‘/:1)7(‘/2;vl)>

(Cap,Ce) | ((V1,V5),(Va, V2)) ((Va, Ve), (Va, V3)) ((V5, Vi), (Va, V1))
<(V37‘/2)7 (‘/65‘/5» <(V37V3)a (Vﬁa‘/G)>

(Cap, Cca) ((V1, V1), (Va, Va)) ((V1, Va), (Va, V3)) ((V3, V2), (V6, V5))
((V5, V3), (Va, Vs)) ((V5, Va), (V2, V1))

(Cap, Ccw) ((Vo, Vs), (Vo, V) ((Va, V2), (Ve, V5)) ((Va, V), (Ve, Vs))
<(‘[3n‘/:1)7(‘/6;V1)>

(Cap,Cce) | ((V1,V5),(Va, V2)) ((Va, Ve), (Va, V3)) ((V3, Vi), (V6, V1))
<(V57‘/2)7(‘/2a‘/5)> <(‘/57V3) (VZ"/G»

(Cac,Cpa) | ((V1,V1),(Va, Va)) ((V1,V2),(Va, V5)) ((V3, Va), (Ve, V1))
((Vs, V5), (Ve, V2)) ((V5, Ve), (V2, V3))

(Cac, Cpo) ((V1,V2), (Va, V5)) ((V1, V3), (Va, Vs)) ((Va, V5), (V6, V2))
<(‘[3n‘/;3)7 (‘/6;V3)> <(‘/57V4); (V27‘/1)>

(Cac, CBe) ((Vo, V2), (Vo, Vs)) ((Vs, Va), (Va, V1)) ((V5, V5), (Va2, V2))
<(V57‘/6)7(‘/2;V3)>

(Cae; Cca) ((V1, V1), (Va, Va)) ((V1, V2), (Va, V5)) ((V3, Ve), (V6, V3))
((Vs, Va), (V2, V1)) ((V5, V5), (V2, V2))

(Cae, Cew) (V1, V2), (Va, Vi) ((V1, V3), (Va, Ve)) ((Va, Va), (Ve, V1))
<(‘/En‘/:5)7 (‘/2;‘/2)> <(‘/57V6); (V27‘/3)>

(Cac,Cce) | ((Vo, V2), (Vo, V5)) ((Vs, Va), (Ve, V1)) {(V3, V5), (Ve V2))
<(V37‘/6)7(‘/6;V3)>
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Table 4.3 continued: Sets of Opposite Space Vectors for

Each Combination of Two-Cell Capacitors

Combination of | Sets of opposite space vectors
two CaPaCitOFS (V';:nput—side’Voutput—side)

(CBa;Chy) (V1, V2), (Va, V5)) ((V3, Vo), (Ve, Vo)) ((Va, Vs), (Ve, V2))
((Vs, V2), (V2, V5))

(CBa;Cre) | ((Va, Ve),(Va, V3)) ((V3, Vo), (Ve, Vo)) ((Vs, V3), (Ve, Vs))
((V5,Ve), (V2, V3))

(CBa,Cca) ((Vo, V1), (Vo, Va)) ((V1, V1), (Va, Va)) ((Va, V2), (Va, V5))
(V1, V), (Va, V3))

(CBa,Ccw) (V1, V2), (Va, Vs)) ((Va, V3), (Ve, Vs)) ((Va, Va), (V6, V1))
((V5, V1), (Va, V4)) ((V5, Ve), (V2, V3))

(CBa;Cce) ((V1,Ve), (Va, V3)) ((V3, V), (Vs, V2)) ((Va, Va), (Vs, V1))
((V5, V1), (Va, Va)) ((V5, V2), (V2, V5))

(Cy,Cge) ((V1, Va), (Va, V1)) ((V3, Vo), (Ve, Vo)) ((V3, V1), (V6, Va))
<(V57‘/4)7(V27‘/1)>

(CBy, Cca) (V1, V2), (Va, Vs5)) ((V3, V1), (Ve, Va)) ((Va, Ve), (Ve, V3))
((Vs, V), (Va, Ve)) ((V5, Va), (Va, V1))

(CBy, Ccw) ((Vo, V), (Vo, V) ((V1, V2), (Va, V5)) ((V1, Vs), (Va, Ve))
<(V17‘/4)7(V47‘/1)>

(Cpy, Cce) (V1,Va), (Va, V1)) ((V2, Vi), (Vs, V2)) ((V2, Ve), (Vs, Vs))
((Vs, V), (Vs, V2)) ((V3, Ve), (Ve V3))

(OBw CCa) <(V17 ‘/6)7 (V4, ‘/E’:)> <(%7 Vl)’ (‘/67 V4)> <(V3, ‘/2)7 (‘/Ga ‘/5)>
<(V57 ‘/4)7 (Vz, Vi)> <(Vt5, V5)a (‘/27 V2)>

(CBCv CC'b) <(V17 ‘/4)7 (V47 ‘/1)> <(‘/3» VZ)v (Vév 5)> <(V37 ‘/3)7 (‘/ﬁﬂ V6)>
((V5, V), (Va, V2)) ((V5, Ve), (V2, V3))

(CBe, Cee) ((Vo, V2), (Vo, Vs)) ((V1, Va), (Va, V1)) ((V1, V5), (Va, V2))
<(V17‘/6)7(V43‘/3)>

(Cca,Ccv) | (V1,V2),(Va, V5)) ((V3, V2), (Ve, V5)) ((Vs, Vo), (V2, Vo))
((Vs,V5), (V, V2))

(Cca,Cce) (V1, V), (Va, V3)) ((Va, Vs), (Ve, V3)) ((Vs, Vo), (V2, Vo))
((Vs, V3), (V2, Ve))

(Cep, Cee) ((V1,Va),(Va, V1)) ((Vs, V), (Vs, V1)) ((Vs, Vo), (Va, Vo))
(V5, V1), (V2, Vy))

For example, assume that the capacitors C,, and Cc. have the maximum negative and the maximum
positive error voltages, respectively. Figure 4.9 shows switching-device combinations that involve both
capacitors. The switching-device combinations in the left column involve the capacitor C,,, Whereas
those in the right column involve the capacitor Cc.. The terminal voltages generated from the switching-
device combinations in each row are opposite each other; hence, the currents through capacitors Cy, and
Cc. are also opposite each other. The switching-device combination in the top left column generates the
input-side space vector (Veg, Vcap/\/3) as well as the output-side space vector (0, —2Vcap/\/3) with the
current (/,4-1.) flowing through the capacitor C,,. When the input-side space vector is (-Veqp, —Vcap/\/3) and
the output-side space vector is (0, 2pr/\/3), then the current (-/,+/.) flows through capacitor Cc.. Note
that the opposite terminal voltages can also be generated by connecting the capacitors in opposite

directions.
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Figure 4.9: Example of switching-device combinations that involve capacitors C,, and Cc,

If the current (/4-1.) has a positive value, then the switching-device combination on the top left column of
Fig. 4.9 can be employed to charge the capacitor Cy4,, and the combination on the top right column can be
employed to discharge the capacitor Cc. However, if the current (/,-I.) has a negative value, then
capacitors C4, and C¢. can be charged and discharged by using the same branch connections but
connecting the capacitors in the opposite directions.

Knowing the capacitor error voltage (v) and current (/) determined from the input- and output-side space
vectors, the duty cycle d' of the opposite space vectors can be obtained from
s Ul

A @

where C is the capacitance of the switch-cell capacitor, and 7y is the switching period of the converter.
Although the maximum positive and the maximum negative error voltages, in general, have different
magnitudes, either of them can be employed in Eq. (4.3).

4.2.3 Capacitor Voltage Stability

The ideal capacitor waveforms for the proposed capacitor voltage balancing scheme are illustrated in
Fig. 4.10. During the first two subintervals, the capacitors having the maximum positive and negative
error voltages are driven toward the average capacitor voltage; they then stay unchanged for the
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Figure 4.10: The ideal capacitor voltage waveforms
for the proposed capacitor voltage-balancing scheme

remaining subintervals. The voltages of the remaining capacitors are unchanged throughout the switching
period, even though the capacitors employed in the remaining subintervals of the switching period exhibit
voltage ripples.

As described in the previous section, the control scheme can charge and discharge any two capacitors
during each switching period. In addition, with the capacitor voltages defined in Eq. (4.2), there are
always capacitors with positive and negative error voltages. The stability of the capacitor voltages can be
proved by Lyapunov’s approach [57]. A Lyapunov function is chosen to be

9
Lo
Lzzﬁcj >0 4.4)
where ¥ is the error voltage of the capacitor j. With the same capacitance for all nine switch cells,
Eq. (4.4) can be expressed as
L o
L=§C[v§+v§+---} >0 4.5)

where v is the maximum positive error voltage and v, is the maximum negative error voltage, sampled

at the beginning of the switching period. The other terms are the error voltages of the remaining
capacitors.

For the algorithm illustrated in Fig. 4.10, if the duty cycle d' is computed as in Eq. (4.3) using v="v ,
then the error voltage v, is reduced to zero after one switching period, and the corresponding charge is

transferred to the capacitor associated with v, . The change in L is then equal to
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1 1
AL = ZC[(d, + 9,)* — 02] + =C[0 — 07]

2 2 (4.6)
= Cdyin,

Because v, is always positive and v, is always negative, AL of Eq. (4.6) always has a negative value.

Hence, Lyapunov’s stability theorem confirms the stability of this control algorithm.

4.3 Experimental Results

The capacitor voltage balancing control associated with the single-capacitor control scheme was
implemented to control the laboratory prototype. The sets of opposite space vectors were implemented in
a lookup table. The detailed implementations of the control circuit are included in Chapter 6.

For comparison, Fig. 4.11 shows a capacitor voltage waveform and 30-Hz output PWM line-line voltage
waveform generated without the capacitor voltage-balancing scheme. Figure 4.12 shows the same
capacitor voltage and 30-Hz output PWM line-line voltage waveforms with the capacitor voltage

Tok_ Blippd Vg _ N 01 18324

Figure 4.11: Waveforms of a capacitor
voltage and an output PWM line-line voltage
without capacitor voltage regulation
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balancing scheme at the same operating point. Significant improvement in the capacitor voltage
waveform can be observed when the capacitor voltage balancing control was applied with the single-
capacitor control scheme to control the multilevel matrix converter. The effect of additional opposite
space vectors can be noticed in the PWM line-line voltage waveform.

Figure 4.13 illustrates the output 30-Hz line-line voltage waveform after low-pass filtering, along with a
capacitor voltage waveform. Figure 4.14 shows a comparison of two-capacitor voltage waveforms. It can
be seen that the regulation of 10% is achieved.

"I:*_' Privbiat N 15 Jal 1 WAL

Figure 4.12: Waveforms of a capacitor
voltage and an output PWM line-line voltage
with capacitor voltage regulation
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Figure 4.13: Waveforms of a capacitor voltage and a filtered output line-line voltage
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Figure 4.14: Waveforms of two capacitor voltages

Figure 4.15 shows the waveform of the average of all nine capacitor voltages, sampled at the switching
frequency. The result indicates that the average capacitor voltage consists of the AC voltage at the input
and output frequencies. A feedback loop for regulating the average capacitor voltage is necessary.
Modeling and design of the control system for regulating the line currents and the average capacitor
voltage are treated in [58].

Average capacitor voltage

200 -
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time
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Figure 4.15: Waveform of the average of nine capacitor voltages
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4.4 Summary of Key Points

The capacitor voltage balancing control was proposed to regulate the capacitor voltages in the multilevel
matrix converter. The control scheme is based on the modification of the SVM using two additional space
vectors having the same magnitude but opposite directions. The two opposite space vectors allow two
additional capacitors to be charged and discharged in each switching period with minimum effect on
synthesizing the average terminal voltages. The capacitor voltage balancing control is orthogonal to the
terminal voltage synthesizing; hence, it can be employed with the single-capacitor control scheme. Two
capacitors with the maximum positive and negative error voltages are regulated in each switching period.
As a result, the error voltages of the remaining capacitors are bounded by the two extreme error voltages,
which are driven toward zero by the control scheme. The stability of the control scheme is guaranteed by
a Lyapanov’s approach.
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5 Three-Level Operation

In the multilevel matrix converter with the basic configuration, three-level switching can be achieved
when the voltage magnitudes at both sides are sufficiently different. Two-level switching is employed at
the converter side with the lower voltage magnitude, whereas three-level switching is employed at the
other side. In the application where the voltage magnitude at one side of the converter is fixed (for
example, the converter is connected to an infinite bus), the three-level switching allows the converter to
be operated with reduced capacitor voltages.

Figure 5.1(a) summarizes the switch-cell capacitor voltage when the multilevel matrix converter
interfaces between a wind generator and a utility grid. When the voltage magnitude at the generator side
is greater than 0.577 of the voltage magnitude at the utility side, the converter operates with two-level
switching at both sides. The capacitor voltage is fixed at slightly greater than the utility’s voltage
magnitude. If the voltage magnitude at the generator side drops below 0.577 of the voltage magnitude on
the utility side, then the converter operates with the three-level switching mode: two-level switching at the
generator side and three-level switching at the utility side. This allows the converter to be operated at

Veap
Vutility \\\\\\\
\Three—level switching;
1.0 ___.with \
reduced capacitor
voltage I Proposed
0.8 capacitor
’ voltage
0.65
N w
lower bound _A
of capacitor
voltage
0 03 0.58 1y
generator
(a) Vutility
Converter Efficiency
4
(b) V, generator
Vutility

Figure 5.1: (a) Proposed capacitor voltage of the multilevel matrix converter
in the wind turbine system, (b) prospective converter efficiency
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lower capacitor voltages. As the capacitor voltage decreases, the switching loss of the converter is also
reduced. Consequently, the efficiency of the converter is expected to be improved with the three-level
switching (Fig. 5.1[b]).

5.1 Space-Vector Modulation

To perform three-level switching in the basic configuration of the multilevel matrix converter, the space-
vector control involves the 18 non-zero space vectors attainable from the converter. These space vectors
form the outer ring of the dg diagram as shown in Fig. 5.2. The SVM for three-level switching further
divides each 60° sector into three cases:

T g-axis

0.4V ¢qp/\3)

2V eapr 2V g ap» 2Veap/\3)

0)

d-axis

switching

<y

3-level
switching

Veapr 2Veap/\3)

A3)

Figure 5.2: Operating regions of the multilevel matrix converter in dq diagram

Case 1: Modulation between two space vectors with magnitude 2Vcap/*/3 and one space vector with
magnitude 2V,,,. When the desired reference space vector lies in the shaded area of a 60° sector
of the space-vector diagram (Fig. 5.3), three space vectors adjacent to the reference space vector
V.o can be assumed to be the space vectors Vi, Vio, and V). The space vectors V;; and V7, are
two adjacent space vectors with magnitude 2Vmp/\/3, and the space vector V), is a space vector
with magnitude 2V,
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Figure 5.3: SVM for three-level switching, Case 1

The condition for modulation in this case is

chap
sin(60° + ¢)

‘/cap
sin(30° + 30° — ¢|)

< | Vaerll <

(GA))
where 0< ¢ <60°
From Egs. (2.6) and (2.7), the desired reference vector can be expressed as
Vier = driVia +doVie +dyVm 5.2)

and dry+dpe+dy =1

The solution of the duty cycles from the vector diagram in Fig. 5.3 using Eq. (5.2) and further
simplifications yields the following:

[Veesll .

dy =—-1+ sin(60° + ¢)
‘/cap
Vie
= —1+ M sin(60° + ¢) where M = HV—fH
cap
Vierll .
dpi=1- [Veesl sin(¢)
Veap (5.3)
=1— Msin(¢)
Vierll .
dra=1-— [Vresl sin(60° — ¢)

cap

=1— M sin(60° — ¢)
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Figure 5.4: SVM for three-level switching, Case 2

Case 2: Modulation among a space vector with magnitude 2Vcap/\/3, a space vector with magnitude

2V.4p, and a space vector with magnitude 4Vca,,/\/3 when the modulation angle ¢ is less than
30°. Three space vectors adjacent to the reference space vector V. are the space vectors Vi, Vi,
and Vy, (Fig.5.4). Vi, is a space vector with magnitude 2Vcap/\/3. Vi 1s a space vector with
magnitude 2V,,,. Vi is a space vector with magnitude 4Vmp/\/3. The desired reference vector V.,
can be expressed as

Vie = dia Vi + dyuVvy, + din Vin
5.4

and dL1+dM+dH1 =1

The solution of the duty cycles from the vector diagram in Fig. 5.4 using Eq. (5.4) and further
simplifications yields:

dM — H‘/T'e.fH Sln(gb)

‘/cap
Vie
= M sin(¢) where M = [Veesl
‘/cap
Vierll . o
drpy =2 — u sin(60° + ¢)
Veap (5.5)
=2 — Msin(60° + ¢)
Veerll .
dg = —1+ u sin(60° — ¢)
V;ap

= —1+ Msin(60° — ¢)

Case 3: Modulation among a space vector with magnitude 2Vca,,/\/3, a space vector with magnitude

2V .4, and a space vector with magnitude 4Vm,,/\/3 when the modulation angle ¢ is greater
than 30°. Three space vectors adjacent to the reference space vector V., are the space vectors V;,
Vin, and V), (Fig. 5.5). Vi, is a space vector with magnitude ZVCQP/\B. V) is a space vector with
magnitude 2V,,,. Vip is a space vector with magnitude 4Vmp/\/3. The desired reference vector V.,
can be expressed as follows:
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Figure 5.5: SVM for three-level switching, Case 3

Vier = droViz + dyVar + daa Vi
(5.6)

and dL2+dM+dH2 =1

The modulation in Case 3 is symmetrical to the modulation in Case 2; hence, ¢ in Eq. (5.5) can be
replaced by (60-¢ ), which yields
dy = LI V:Z” sin(60° — ¢)
Vie
= M sin(60° — ¢) where M = [Vees]
‘/;ap

Vierll .
dL2 =2 — u SlH(GOO + (25)

Veap (5.7)
=2 — Msin(60° + ¢)
-1+ —HVTefH sin(¢)

cap

= —14 M sin(¢)

dis =

The conditions for modulations in Case 2 and Case 3 are as follows:

V::ap
sin(30° + [30° — ¢|)

2Veap
sin(60° 4 ¢)

< | Vieyll <
(5.8)
where 0<¢<60°

When the space-vector control commands the multilevel matrix converter using the space vectors with
magnitudes greater than 2Vmp/\/3, the corresponding line-line voltages of the converter have magnitudes
of twice the capacitor voltage. The line-line voltage with a magnitude of twice the capacitor voltage is
generated from two series-connected capacitors, as described in Section 2.2.2. To avoid applying
exceeding voltages across open-circuited switch cells, it is required that the voltage potentials of all
phases at the other side must be equal to the voltage potential at the mid-point of the two series-connected
capacitors; hence, all line-line voltages of this side have zero magnitude. In PWM, this constraint implies
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that when the multilevel matrix converter operates with three-level switching on one side, two-level
switching must be employed at the other side. Also the pattern of space vectors utilized in each switching
period must be correctly coordinated.

5.2 Limitations of the Three-Level Operation

With the constraint for avoiding excess voltages across open-circuited switching cell, when the multilevel
matrix converter generates terminal voltages with three-level switching at one side, two-level switching
must be applied to generate terminal voltages at the other side. Furthermore, the space-vector control
must synchronize the space vector with a magnitude greater than ZVcap/\/3 from the three-level switching
with the null-state space vector from the two-level switching.

Assume that the converter generates output-side voltages with three-level switching and input-side
voltages with two-level switching. A possible space-vector pattern in each switching period is illustrated
in Fig. 5.6. The duty cycle of the null-state space vector, dp, at the input side must be greater than the total
duty cycles of the space vectors with magnitudes greater than 2Vcap/\/3 at the output side (the duty cycle
of the space vector with magnitude 2V, for the modulation in Case 1 or the sum of the duty cycle of the
space vector with magnitude 2V, and the duty cycle of the space vector with magnitude 4V,,,/ V3 for the
modulation in Case 2 and Case 3). Using Egs. (5.5) and (5.7), the sum of the duty cycle of the space
vector with magnitude 2V,,, and the duty cycle of the space vector with magnitude 4pr/\/3 for the
modulation in Case 2 and Case 3 can be expressed as:

Vierll . o
dM + dH =—-1+4+ u sm(60 + ¢) (59)

cap

Equation (5.9) is similar to the expression for the duty cycle of the space vector with magnitude 2V,
from the modulation in Case 1, in Eq. (5.2). Therefore, all three cases of the modulation have the same
limitation either from the condition of dy > d,, or from the condition of dy > d,; +dy. The constraint then
can be expressed in terms of input- or output-side voltage magnitudes and capacitor voltage as

The side with 0 . k L /

two-level switching ‘e dy e dy — b ——— 4 ———>

The side with Y VL1 Vi2

three-level switching I — o T o — W

(a) Modulation pattern for Case 1

TS
Input side "o 1 Yk L dl
two-level switching do 4y —>— | —>
Output side Vu L Vu L VL
three-level switching {7 & T Iy T o

(b) Modulation pattern for Case 2 and Case 3

Figure 5.6: Modulation patterns in one switching period for three-level switching
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N | —

The condition in Eq. (5.10) also depends on the modulation angles at both sides, which are time-variable
parameters and independent from each other. To guarantee that this condition of the capacitor voltage is
satisfied throughout the input and output line periods, the extreme condition of the right-hand side of
Eq. (5.10) is considered (when both modulation angles are equal to 30°). Then the condition can be
simplified as

‘/cap Z (VOutput + ‘/Input) (511)

DO —

where Voupu: and Vi, are the line-line voltage magnitudes at the output and input sides respectively.

The condition from Eq. (5.11) sets a limitation on the minimum capacitor voltage so that three-level
switching can be achieved. To cover the range of operation remaining from the single-capacitor control
scheme in the two-level switching (the range where V., < Vompu,/\/3), the capacitor voltages can be
reduced to 80% of the output line-line voltage magnitude. The capacitor voltages can be further reduced
as the input-side voltage magnitude decreases (Fig. 5.1).

5.3 Experimental Validation

Laboratory experiments were undertaken to illustrate the capability of the multilevel matrix converter in
the three-level switching mode. The converter converted 60-Hz input voltage into 30-Hz output voltage
with the following modulation indices:

My, = —HV";’""'"” = 0.4
% cap || (5.12)
M,,, = 1ref—outl _ 4 g5
' Veap

The converter was operated without any capacitor voltage regulation scheme; hence, 330-uF electrolytic
capacitors were added into the H-bridge switch cells to make the converter stable. More details of the
hardware implementations are described in Chapter 6.

Figure 5.7 shows the input and output PWM line-line voltages at the switch network. The input side
voltage waveform, Trace 1, is operated with two-level switching, while the output side voltage waveform,
Trace 4, is operated with three-level switching. Figure 5.8 shows the input and output line-line voltage
waveforms in one switching period.

Figure 5.9 shows a 30-Hz output PWM line-line voltage waveform alone with the corresponding voltage
waveform after being filtered by the L-C low-pass filter circuit. Figure 5.10 shows the variation of a
capacitor voltage along the output line-line voltage. The variation in the capacitor voltage consists of both
the input 60-Hz and the output 30-Hz AC voltages.
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Figure 5.7: Input and output PWM line-line voltage waveforms
Trace 1: input line-line voltage with two-level switching
Trace 4: output line-line voltage with three-level switching
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Figure 5.8: Input and output line-line voltage waveforms in one switching period
Trace 1: input line-line voltage with two-level switching

Trace 4: output line-line voltage with three-level switching
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output line-line voltage

5.4 A Possible Control Scheme for Three-Level Operation

The single-capacitor control scheme, as described in Section 3.3, can be extended to the case when two
switch-cell capacitors are employed during a switching period. To generate line-line voltages
corresponding to the space vectors with magnitude 2V,,,, the multilevel matrix converter can involve two
switch-cell capacitors simultaneously in the switching-device combinations. As a result, when the
multilevel matrix converter operates with three-level modulation in Case 1 of Section 5.1 (modulation
among two space vectors with magnitude 2Vcap/\/3 and one space vector with magnitude 2V,,,), the
converter can involve two capacitors for synthesizing terminal voltages in each switching period. It is
possible that, in each switching period, one additional subinterval is generated having a converter
configuration to balance the charge in one capacitor. If the converter is operated at a steady state, then the
charge balance on the other capacitor can also be achieved.

Consider an example in which the multilevel matrix converter generates the input and output voltages, as
shown in Fig. 5.11(a). At the point marked by the vertical bars, the positions of the input-side reference
space vector and the output-side reference space vector in the dg coordinates are illustrated in
Fig. 5.11(b). The input side of the converter is modulated with two-level switching, whereas the output
side is modulated with three-level switching. The duty cycle for each space vector of the input side can be
computed using Eq. (3.3). The duty cycle for each space vector of the output side can be computed using
Eq. (5.7). The pattern of the space vectors according to Fig. 5.6(a) is shown in Fig. 5.12, along with the
sets of allowed capacitors for each subinterval in the given switching period. The corresponding line-line
voltages at both input and output sides in the switching period are shown in Fig. 5.13.
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Figure 5.11: An example of SVM in three-level operation:
(a) in time domain, (b) in dg coordinate
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Figure 5.13: The corresponding PWM line-line voltages in the given switching period
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In the first subinterval, two switch-cell capacitors must be employed simultaneously. Possible
combinations of two capacitors that can be employed in this subinterval are combinations of the switch-
cell capacitors connected to the output phase a (Cy, Cp, and Cg,) and the switch-cell capacitors
connected to the output phase b (Cyp, Cpp, and Ccp). For any switching-device combination having only
two switch-cell capacitors, the output phase current (-/,) flows through the capacitor connected to the
output phase a. At the same time, the output phase current (/,) flows through the capacitors connected to
the output phase b.

Notice that the capacitor Cc,, from the switch cell that is connected between the input phase C and the
output phase a, can be employed throughout the switching period. This capacitor can also be determined
with the single-capacitor control scheme with the case of dy .. = 0 < dj ;». The capacitor Cg;, can also be
employed in four of the five subintervals, except in the subinterval having a combination of the input-side
null-state space vector and the output-side space vector V; ,.. In case the capacitor Cg, is employed with
the capacitor C¢, in the first subinterval, it is possible to generate one additional subinterval from the third
subinterval (or from the forth or the fifth subinterval) having a switching-device combination to balance
the charge in the capacitor Cg,. Consequently, in a given switching period, the converter employs only the
capacitors C¢, and Cp,. At the steady-state operation, with the charge balance on the capacitor Cg,, the
charge balance on the capacitor C, can also be achieved.

Assume that the power factor at the output side is greater than 0.5; hence, for this example, the output
phase I, flows into the converter. As a result, the capacitor Cg, is discharged with the output phase current
1, in the first subinterval. If the power factor at the input side is also greater than 0.5, then the input phase
current /5 also flows into the converter. An additional subinterval with a switching-device combination
having the capacitor Cp, charged by the input current /3 can be employed. The duty cycle of the additional
subinterval can be computed from

I
LI (5.13)
15

Each switching period is now divided into six subintervals. Switching-device combinations for all six
subintervals are illustrated in Fig. 5.14. In the third subinterval, the converter moves the additional charge
from the capacitor Cp, to the capacitor Cc,. In the third and the forth switching-device combinations, the
converter configurations provide identical terminal voltages. The line-line voltage waveforms in the given
switching period are not affected by the additional subinterval.

This switching-device combination serves to balance charge on the capacitor and is dependent on the
power factors at both sides; however, there exists a valid switching-device combination for any given
input- and output-side power factors. For instance, if the power factors at both sides are less than 0.5, then
the switching-device combinations for the first and the third subintervals that involve capacitor Cp,
instead of capacitor Cp,, can be employed.

The concept of having an additional subinterval for each switching period to balance charge of a capacitor
is feasible when the SVM is in Case 1 where the converter involves only two capacitors. However, when
the SVM is in Case 2 or 3, the converter involves five capacitors simultaneously; the concept then
becomes more complex. The operations of the multilevel matrix converter in these cases remain unsolved
problems.
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Figure 5.14: Example of switching-device combinations to balance charge of the capacitor Cg,

5.5 Summary of Key Points

The three-level operation allows the multilevel matrix converter to generate terminal voltages with the
maximum magnitude of twice the capacitor voltage. Compared to the two-level operation, the three-level
operation allows the multilevel matrix converter to generate the same terminal voltages with lower
capacitor voltage. Consequently, the switching loss of the converter is reduced and the converter
efficiency is increased. With the constraint to avoid excess voltage across open-circuited switch cells, the
three-level operation of the converter can be achieved only when the voltage magnitudes at both sides of
the converter are significantly different. The three-level switching is applied at the side having higher
voltage magnitude, whereas the two-level switching is applied at the other side. The SVM for three-level
switching involves 18 non-zero space vectors. Furthermore, the space-vector pattern in each switching
period must be carefully coordinated. The operations of the multilevel matrix converter in the three-level
switching were proved feasible by the experimental validations.
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6 Hardware Implementation

The first working laboratory prototype of the multilevel matrix converter with the basic configuration was
constructed to experimentally prove the operations of the converter and to verify the proposed control
schemes. The experimental results demonstrate the feasibility of controlling a complex converter
containing many modules using a central controller; synthesizing terminal voltages and regulating
capacitors in nine modules can be achieved using a digital control chip. The complexity of the control
schemes is overcome with software programming with a lookup table.

A laboratory prototype of the multilevel matrix converter with the basic configuration was constructed to
verify the proposed control algorithms. Figure 6.1 shows a block diagram of the laboratory prototype of
the multilevel matrix converter. The power stage of the prototype is rated at 280 V and 50 A at both input
and output terminals, which has the capability of operation at approximately 24 kVA. Each H-bridge
switch cell includes an internal DC bus with the voltage of 400 V. The converter is operated at the
switching frequency of 20 kHz. The digital control system was implemented using a Xilinx Virtex-II Pro
XC2VP4, consisting of a PowerPC 405 microprocessor and FPGAs with flash memory chips as a lookup
table.

In the experimental setup, the converter was interfaced between a three-phase variac, which provides
variable 0- to 420-V 60-Hz three-phase voltage, and a three-phase resistive load. The output-side
reference space vector can be programmed arbitrarily: programmable output frequency and magnitude.
The laboratory setup is shown in Fig. 6.2. Five-ohm resistors were added in series with the three-phase
voltage source to limit currents in case fault conditions occur. AC capacitors were also added at the input
and the output terminals to filter the AC voltages. The main reason for adding these capacitors was to
improve the sensing signal qualities.

16:1 230:12

. 1 Low-pass filter Transformers
12-bit ADC Analog pass 1. Il
(AD9220) [ Multiplexer €= and level-shifter

2x306 circuits
M ) Hall effect

devices

16:1

12-bit ADC | Analog o Differential Amp M
(AD9220) | Multiplexer [=% circuits
(Max306) P

Twisted-line Twisted-line W
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(AT49LV040)

Figure 6.1: Block diagram for the laboratory prototype of multilevel matrix converter
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Figure 6.2: Photograph of the laboratory prototype

6.1 Power Stage

6.1.1 Switch-Cell Modules

For the switch matrix in the power stage, three H-bridge switch cells were built in each printed circuit
board. The copper-clad printed circuit board (PCB) was constructed from 10-mil copper, which can
conduct approximately 50 A,y per inch of trace width. A photograph of the switch modules is included in
Figs. 6.3, 6.4, and 6.5.

In each H-bridge switch cell, 600-V, 60-A, n-channel IGBTs with anti-parallel “hyper fast” diodes
(Intersil part# HGTG30N60A4D) [59] are employed as switching devices. The power semiconductor
devices are in TO-247 packages; they are mounted to heat sinks through copper boards as heat spreaders
at the bottom side of PCBs.

The capacitors employed as the DC bus in each H-bridge switch cell are two of the 4.7-uF polypropylene
capacitors (Cornell Dubilier part# SCD475K601A3Z25) [60] connected in parallel. Each capacitor has
rated voltage of 600 V and current of 30 A. The capacitors were mounted at the top and bottom sides of
printed circuit boards.

Each H-bridge switch cell has a separate gate-drive circuit. The gate-drive circuits are optically isolated

from the digital control circuit. Power for the gate-drive circuits are supplied through the forward DC-DC
converters.
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Figure 6.3: Power stage consisting of three printed circuit boards;
each PCB contains three H-bridge switch cells

Figure 6.4: Three H-bridge switch cells per PCB
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Figure 6.5: Side view of a PCB, showing the IGBTs
mounted to the heat sinks through the copper heat spreader

6.1.2 Filter Inductors

Originally, the laboratory prototype of the multilevel matrix converter was designed to operate at the
switching frequency of 50 kHz. Hence, the 0.2-mH inductors were employed as filter elements providing
20 % ripple at the rated rms current. As a result of the limit capability of the digital control circuit, the
switching frequency of the converter was reduced to 20 kHz. The 1-mH inductors, therefore, were added
and can provide 10% ripple at the rated rms currents.

The photograph of an inductor set is shown in Fig. 6.6. The 1-mH inductors are Hammond manufacturing

part# 195C50, which have rated current of 50 A. The 0.2-mH inductors have the following specifications:
e Inductance: 0.2 mH

Saturation current: 50 A

Winding: 26 turns of 8-ounce copper foil

Air gap: 1.64 mm

Core material: iron-based METGLAS® amorphous cores, B, = 1.4 Tesla

Core size: AMCC63

Core cross-sectional area: 3.9 [Trial mode]

Dimensions: H=102cm, W=52cm, L=3.0 cm
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Figure 6.6: Filter inductors at one converter terminal

6.2 Digital Control System

The digital control system for the laboratory prototype was implemented using Xilinx Virtex II Pro
XC2VP4 consisting of a PowerPC 405 microprocessor, FPGAs [61], and Flash memory chips. A
photograph of the Virtex II Pro XC2VP4 development board is included in Fig. 6.7.

Figure 6.7: Virtex-ll Pro XC2VP4 development board
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Figure 6.8: Control system block diagram

The block diagram of the digital control system is illustrated in Fig. 6.8. The digital control system is
mainly divided into six parts:
1. Analog-to-digital converter (ADC) controller circuits
PowerPC microprocessor
PWM controller circuit
Switch-cell controller circuit

Lookup table for states of switch cells

A

Lookup table for capacitor voltage-balancing control.

The PowerPC microprocessor and the peripheral modules interface through a bus architecture, which
consists of a processor local bus (PLB) and an on-chip peripheral bus (OPB) [62, 63, 64]. There are also
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auxiliary components in the control system, such as digital clock management (DCM) modules, JTAG
programming module, and Block RAM (BRAM) modules [64].

The FPGA parts of the digital control circuit were implemented using hardware description language
(VHDL). The instructions for the PowerPC microprocessor were written in Assembly language. All codes
for the digital control circuit are included in Appendix C.

6.2.1 ADC Controller Circuits

The ADC control circuits were implemented using the FPGA part of the Virtex-II Pro. The main
functions of the ADC controller circuits are to control analog multiplexers and to latch the corresponding
data from the ADCs. There are two independent control circuits for two different groups of the sensed
signals.

The first group is the AC signals, such as line-line voltages and currents. The input-side line-line voltages
are sensed by transformers with turn ratios of 230:12. The input, output currents, and the output-side line-
line voltages are sensed by Hall Effect devices (LEM LA 55-TP/SP1 for current sensing and LEM LV 25-
P for voltage sensing). Photographs of the sensing circuits are included in Figs. 6.9 and 6.10. These
sensed AC signals are low-pass filtered by operational amplifier circuits, which also add DC biases into
the signals and change the signals into unipolar signals. The DC biases are subtracted digitally inside the
ADC controller circuit. An analog multiplexer (MAX306) is employed to select a signal to be digitized by
an ADC (AD9220). This 12-bit ADC is operated at 8 MHz. The ADC controller then latches the
corresponding data from the ADC.

The second group of sensed signals consists of all nine DC voltages of the switch-cell capacitors, which
are sensed by differential amplifier circuits. The differential op-amp circuits also low-pass filter the
signals. One of these signals is then sampled singly to be digitized by an analog multiplexer, which is also
controlled by an ADC controller circuit. Then the corresponding data are read into the ADC controller
circuit.
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The op-amp circuits and ADC circuits for both groups of sensed signals were constructed on the

PCB. A photograph of the circuits is shown in Fig. 6.11.

Figure 6.11: Low-pass filter and ADC circuits

same

The operations of the ADC controller circuits are asynchronous to the operation of the PowerPC
microprocessor. The ADC controller circuits continuously sample data from the ADCs and store the data
in their buffers. To prevent the ADC controller circuits from sensing noises in the power stage during the
transitions of the switching devices, the operation of the ADC controller circuits are halted .

6.2.2 PowerPC Microprocessor

The microprocessor in the Virtex-II Pro is the PowerPC 405 microprocessor [65, 66]. In the prototype, the
PowerPC microprocessor operates with a clock frequency of 300 MHz. In each switching period, the
PowerPC microprocessor has to perform the following tasks:

convert all variables from the three-phase system into variables in the dg coordinate
perform the SVM

determine the capacitor to be employed in each switching period

perform capacitor voltage-balancing scheme

generate a data set for each subinterval in a switching period

send all information to the PWM controller circuit.

With the maximum of seven subintervals for each switching period, the PowerPC also generates seven
sets of data (one set per subinterval). Each set of data contains the input-side space vector, the output-side
space vector, the capacitor, and the duration of each subinterval. The bit pattern of the resulting data for
each subinterval sent to the PWM controller circuit is illustrated in Fig 6.12.
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capacitor #

input-side space vector | output-side space vector |[CcdCchCcaCBe|CBHCBACac|CanCud duration (number of tick)

0 23 7 8 12 13 21 22 31
MSB LSB

6.12: Bit pattern represents data for each subinterval of a switching period

The input- and output-side space vectors for each subinterval are represented by 5-bit words. The words
can represent all 19 space vectors in the stationary dg reference coordinate; hence, 10 bits are needed for
each subinterval.

The capacitor employed in each subinterval is represented by a 9-bit word. A high bit (digit “1”’) indicates
that the corresponding capacitor is employed. Bit[21] refers to the capacitor of the switch cell in branch
Aa, whereas bit[13] refers to the capacitor of the switch cell in branch Cc. In the two-level switching
mode, the control scheme employs only one capacitor in each subinterval; hence, exactly 1 bit will be
high during a given subinterval. When the converter operates in the three-level switching mode, it
involves more than one capacitor simultaneously. As a result, multiple bits in this data can be asserted at a
time.

The duration of each subinterval is represented by a 1-bit word corresponding to the number of clock
ticks for the length of each subinterval. With a clock frequency of 20 MHz employed in the PWM
controller circuit, the duration of each subinterval has a resolution of 50 ns.

6.2.3 PWM Controller Circuit

The PWM controller circuit was implemented in the FPGA part of the Virtex-II Pro. The PWM controller
circuit controls the duration of each subinterval in one switching period, keeps track of the subinterval in
the switching period, and also provides the data representing the converter configuration for each
subinterval. A schematic diagram of the PWM controller circuit is shown in Fig. 6.13.
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Counter | 0}

+—> Turn-on

Comparator |
10 L
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P
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19
Mux?2 To lookup table
19
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Figure 6.13: Block diagram of the PWM controller circuit
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The controller circuit receives seven sets of data from the PowerPC microcontroller through the OPB. The
Buffer1 is addressed by the PowerPC microprocessor and latches the subinterval data for the next update
of these data. The second data buffer, Buffer2, latches the subinterval data that are currently used for the
rest of the control circuit. Buffer2 also divides the data into two sets and feeds them to two separate
multiplexers. A double-buffering scheme allows the converter switching frequency to differ from, and be
asynchronous with, the microprocessor data sampling rate.

The Update signal controls the transfer of the data from Bufferl to Buffer2. This signal is generated
within the control circuit (not shown in the figure). It is asserted only at the beginning of the first
subinterval and all new data are valid within Buffer1 (asserted by a signal from the microprocessor). This
approach avoids glitches by ensuring that subinterval lengths are not updated in the middle of a switching
period.

The two-output multiplexer, Mux1, driven by the state of the subinterval, provides data as the reference
for an incremental counter to time the duration of the current subinterval. The multiplexer also provides
the Skip signal, which is asserted when the length of the next subinterval is less than the programmable
minimum subinterval width (1.55 ps). This minimum pulse width is needed to prevent glitches caused by
gate delay and flash memory latency. The multiplexer, Mux2, also driven by the state of the subinterval,
feeds the corresponding space vector and capacitor information for the current subinterval to the external
lookup table.

The state of the subinterval in each switching period (0 to 6) is tracked by the State module. The next
subinterval is determined from the result of the Comparator (asserted only when the counter value is
equal to the reference data from the multiplexer, Mux1) and the Skip signal.

At the end of each subinterval, a Turn-off pulse is generated that commands on-to-off IGBT switching
transitions to occur. After a programmable delay, a second pulse (Turn-on pulse) is generated, which
initiates off-to-on IGBT transitions.

6.2.4 Lookup Table for States of Switch Cells

The lookup table consists of three 512-kB flash memory chips (AT49LV040). Each of these chips
contains the data for the three switch cells that are connected to the same input phase. The input (address
lines) of the lookup table is the 19-bit data from the PWM controller circuit, representing the input-side
and output-side space vectors and capacitor for each subinterval (Bit[3] to Bit[21] in Fig. 6.12). The
outputs of the lookup table are nine of 2-bit data; each 2-bit data per one switch cell, which can represent
all four states of a switch cell as illustrated in Fig. 6.14.

+ -
01 = X Y
- +
10 = X Y
11 = X Y
00 = X Y

Figure 6.14: Two-bit data representing all four states of switch cell;
“X” denotes an input phase and “Y” denotes an output phase
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Hence, each chip produces 6 bits of the output data, and the remaining 2 bits are unused. The bit
assignment for the output of each flash memory is shown in Fig. 6.15. Invalid inputs, such as illogical
combination of capacitors or invalid space vectors, result in turning off all IGBTs. The data contained in
the lookup table are included in Appendix D.

data for switch cell | data for switch cell | data for switch cell
unused connected to connected to connected to
the output phase ¢ | the output phase b | the output phase a
Bit 8 Bit 0

Figure 6.15: Bit pattern for the output of the lookup table per an input phase

6.2.5 Switch-Cell Controller Circuits

The digital control circuit has nine identical switch-cell controller circuits, one each for a switch cell. The
block diagram of the switch-cell controller circuit is illustrated in Fig. 6.16. The switch-cell controller
circuit decodes 2-bit data from the lookup table into four gate signals for the IGBTs in each switch cell.
To avoid cross-conduction of the IGBTs during their switching transitions, which leads to momentary
shorting of the DC bus voltages through the IGBTSs, the “break before make” logics are included in the
switch-cell controller circuits. The switch-cell controller circuits also accept the Turn-on and Turn-off
signals from the PWM controller circuit to implement gate signals with “break before make” operation.

There are two ways to realize the short-circuit state, “11,” of a switch cell: either both upper IGBTs can
conduct or both lower IGBTs can conduct. To distribute the conduction losses among devices, each

Turn-off —,
Turn-on —», ’—CT‘
Dy S—
D Q [ ) SW2
iy
2-bit
D Q ] SwW3
e T O
1 D Q [ ) SW4
e |
R
Q S

Figure 6.16: Block diagram of the switch-cell controller circuit
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switch-cell controller circuit contains an R-S flip-flop that alternates the conduction path between these
two choices.

The outputs of the switch-cell controller circuits are sent to opto-isolated gate-driver circuits through
twisted-pair line driver and receiver-chip pairs. These twisted-pair line driver and receiver-chip pairs
improve noise sustainability in the gate signals.

6.2.6 Lookup Table for Capacitor Voltage Balancing Control

This module is employed in the capacitor voltage balancing control scheme, which was described in
Chapter 4. The module is connected to the PLB and can be addressed by the PowerPC microprocessor.
The input of this lookup table is the data representing a combination of two capacitors and the sensed
currents from the ADC controller circuit. The lookup table then provides a set of opposite space vectors,
along with the current through a capacitor as outputs.
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7 Conclusions: Part |

7.1 Summary of Partl

The multilevel matrix converter was proposed as a new approach to the power electronics for variable-
speed wind energy systems. The purpose of this approach is to improve the energy capture of the wind
energy systems by extending the high-efficiency range of the converter to low-wind operating points,
where typical wind energy systems operate most of the time. The operation of the multilevel matrix
converter is based on the multilevel conversion technique, which has been proved to be an approach that
can meet the performance requirements. Multilevel conversion is scalable to higher power and higher
voltage levels and allows the use of superior low-voltage fast-switching semiconductor devices in high-
voltage, high-power applications. It can also maintain high efficiency at a fraction of its rated power,
without sacrificing performance at rated power.

The multilevel matrix converter with basic converter configuration consists of nine capacitor-clamped H-
bridge switch cells connected from each input phase to each output phase. Each H-bridge switch cell can
generate three different voltage-levels across its terminals when devices conduct current and is capable of
blocking voltages with magnitudes less than its capacitor voltage when all devices are turned off. The
converter line-line voltages are synthesized from the PWM of the capacitor voltages of all nine H-bridge
switch cells. Hence, inductors are used as filter elements at both sides of the converter. With the
symmetrical structure, the multilevel matrix converter is able to buck or boost the voltage magnitudes.

In addition, the modular approach of the H-bridge switch cell can solve the problem of the complex bus-
bar configurations in the multilevel converter. All semiconductor devices are locally clamped by the
switch-cell capacitors. This approach also exhibits good semiconductor device utilization.

Two operating modes are available in the multilevel matrix converter with the basic converter
configuration. First, when the voltage magnitudes at both sides are close to each other, the converter
generates terminal voltages with two-level switching at both sides. Second, when the voltage magnitudes
at both sides are considerably different, the converter generates terminal voltages with two-level
switching at one side and terminal voltages with three-level switching at the other side.

The control scheme for the multilevel matrix converter consists of two parts that must be performed
simultaneously: (1) terminal AC voltage synthesizing and (2) capacitor voltage regulating. The space-
vector PWM technique is employed for synthesizing the terminal AC voltages. The single-capacitor
control scheme and the capacitor voltage-balancing scheme, which are based on the SVM, are proposed
for the multilevel matrix converter operating in the two-level switching mode.

The SVM is performed in the dg coordinate; hence, the three-phase variables are transformed into two-
phase dg variables. The multilevel matrix converter can generate 19 combinations of the three-phase line-
line voltages corresponding to 19 space vectors in the dg coordinate. The 19 space vectors are one null-
state space vector, six space vectors with magnitude 2V,,,/ 3, six space vectors with magnitude 2V,,, and
six space vectors with magnitude 4Vcap/\/3. The null-state space vector and the six space vectors with
magnitude 2Vcap/\/3 are used in the two-level switching, while all 18 space vectors, except the null-state
space vector, are employed in the three-level switching.

With the single-capacitor control scheme, only one switch-cell capacitor is employed to synthesize

terminal voltages during each switching period; all nine switch-cell capacitors are employed throughout
the input and output line periods. The single-capacitor control scheme determines the single capacitor to
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be employed in each switching period from two conditions: (1) the positions of the input-side and the
output-side reference space vectors(2) and the relative values of the duty cycles of the input-side and the
output-side null-state space vectors. This control scheme is optimized in the sense of minimizing
circulating currents among the capacitors. In addition, the control scheme also allows the multilevel
matrix converter to be modeled as a DC-link converter, which significantly reduces the complexity in
controlling the converter. At steady-state operation, the charge balance of the capacitor employed during a
switching period can be achieved. To guarantee that there is one valid switch-cell capacitor for each
switching period, a specific space-vector pattern in each switching period is required; hence, this control
scheme can be operated within a range of voltage gain ratios.

The single-capacitor control scheme is theoretically able to stabilize all nine capacitor voltages in the
converter. However, from the experimental results, there exists some deviation in the capacitor voltages.
The disturbances in the capacitor voltages arise from the energy stored in stray inductances in the
windings interconnected between switch cells. This energy is transferred to the switch-cell capacitors
during the dead-time interval of on-to-off transitions of the switch cells; the anti-parallel diodes provide a
path for currents to conduct. As a result, the capacitor voltages are slowly charged up when the capacitors
are not employed to generate terminal voltages. In the first switching period, when the capacitor is used in
the converter, it is quickly discharged causing a high-magnitude current spike in the converter. This
behavior in the capacitor voltages restrains the converter from being operated at high voltages. The
single-capacitor control scheme alone cannot regulate all nine capacitor voltages because the control
scheme allows only one switch-cell capacitor to be employed during each switching period. Besides, the
control scheme determines which capacitor is to be employed in each switching period from the terminal
AC voltages, independent of the capacitor voltages.

The capacitor voltage-balancing control was proposed to regulate capacitor voltages. The control scheme
is based on the modification of the SVM so that more capacitors can be employed during each switching
period. By using two additional space vectors having equal magnitude but opposite directions to partially
replace the null-state space vector, two more capacitors can be charged and discharged in each switching
period. The opposite space vectors with the equal magnitude also contribute to the average of zero for all
line-line voltages, similar to the null-state space vector. Consequently, they can partially replace the null-
space space vector in the conventional SVM with minimum effect on the average terminal voltages.
Associated with the single-capacitor control scheme, the control scheme can involve a maximum of three
capacitors in each switching period. While the two capacitors are charged and discharged in each
switching period, the other capacitor experiences no net change in charge. The capacitors having the
maximum voltage and the minimum voltage are chosen to be regulated in each switching period.
Therefore, the remaining capacitor voltages are bounded by these two extreme capacitor voltages. All
nine capacitor voltages are driven toward the average voltage of nine capacitor voltages by the control
scheme. The stability of the proposed capacitor voltage balancing scheme is guaranteed by a Lyapunov’s
algorithm.

The three-level switching operations in the multilevel matrix converter with the basic configuration were
proved possible by the experimental validations. In the three-level switching mode, the converter involves
more than one capacitor simultaneously. The currents flowing through the capacitors depend on the
switching-device combinations and are dependant on the input and output currents. Hence, the control
scheme for the converter operating in the three-level switching mode requires knowledge of the power
factors at both sides. A possible control scheme has been discussed; however, the control scheme requires
further investigation.

The laboratory prototype has been constructed to show the operation of the multilevel matrix converter
and to verify the proposed control schemes. The converter prototype was built based on PCBs and
operates with a switching frequency of 20 kHz. Insulated gate bipolar transistors with anti-parallel diodes
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were used as switching devices. The proposed control schemes have been shown to be achievable in a
real-time digital control circuit by using a microprocessor, field programmable gate arrays (FPGAs), and
flash memory chips.
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8 Introduction to Part Il

8.1 Motivation

Part II develops the fundamentals required for regulation of the average capacitor voltage and the currents
of both the input and the output side of the new modular matrix converter. This is necessary for control of
machine torque, power throughput, and transistor voltage stresses.

The first step is to model the converter dynamics. Several papers [14-16, 24] and books [6] discuss
methods of modeling different types of converters. For example, [15-16, 24] deal with a conventional
matrix converter. However, the new modular matrix converter differs in that each switch cell resembles
an H-bridge converter. Hence, the modeling of the new converter requires substantial modification of the
modeling approach. The differential equations derived to model the converter are nonlinear. Those
equations are linearized to get a steady-state model and a small-signal linear model. The steady-state
model provides information about the converter operation under nominal conditions. The linear model
corresponds to the disturbances in the variables that are to be regulated (the capacitor voltages and the
input and output currents). Through this model, one can investigate the stability and controllability of the
converter. A controller to drive those variations to zero is then designed.

Some control techniques of conventional matrix converters are discussed in [15, 16, 24]. However, the
pole placement and optimal control techniques considered in this report were never discussed with
relation to matrix converters. Moreover, such techniques are simpler to realize. Both techniques yield a
constant controller-gain matrix. The response of the closed-loop system is stable with minimal transients.
However, the controller-gain matrix of both techniques changes as the parameters of the converter change
(e.g., input voltage resulting from a change of wind speed or power demand). This led to the idea of
finding relationships between the elements of the controller-gain matrix and the converter's parameters. It
is found here that the controller-gain matrix designed via the pole-placement method is very sensitive to
the variations in the converter's parameters. On the other hand, the optimal controller is not sensitive and
can be presented as a function of the converter's parameters. The optimal control technique is applied to
the converter implemented in Part I. Experimental results prove the validity of the converter model and its
control.

8.2 Control of the Terminal Currents and Average Capacitor Voltage

Maximum power transfer from the input side of the new modular matrix converter, such as a variable-
speed wind power generator, to the output side of the converter, such as a utility bus, requires that the
currents and capacitor voltages be controlled. The transient responses resulting from a change in power
demand, wind speed, or switching between capacitors must be minimized. A feedback controller can
accomplish such task. Figure 8.1 shows the implementation of the controller in the whole system. The
figure shows a variable-speed wind power generator connected to one side of the matrix converter, which
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is represented by nine switches (Sy, , S4 ....) To provide a numerical example, it is assumed in this report
that the wind power generator operates at a constant 9.6 V/Hz with a line frequency that varies from 13
Hz to 25 Hz, corresponding to an input line-to-line voltage range from 125 V to 240 V. The other side of
the converter is connected to the utility grid, with a line-to-line voltage of 240 V and an output line
frequency of 60 Hz. It is assumed that the utility is to draw up to 20 A current with a power factor range
from 0.5 to unity. Filter inductors are connected on both sides of the converter, and the line resistances
shown in the figure are the winding resistances of the inductors.

Input- and output-line currents are sensed and transformed into the dg frame (a transformation that
represents three-phase currents or voltages as a vector). The voltage of the utilized capacitor is also
sensed. The figure shows that those sensed signals are compared to reference values to get the variation
signals. Those error signals are fed into the controller to get the control needed to switch the matrix
converter.

To design a feedback controller for the new modular matrix converter, differential equations describing
the converter are derived. The currents of the input side, as well as the output side of the matrix converter,
are transformed into the dg0 frame; this provides the convenience of representing the three-phase currents
as one vector rather than three sinusoidal variables. Those differential equations form the state-space
model of the matrix converter. As it turns out, the state-space model is nonlinear with five states and four
inputs and five independent outputs that coincide with the states. All five states (input and output currents
and the capacitor voltage) depend on each other, as well as the input control. In this report, linear multi-
input multi-output control theory is applied to this system; this requires linearization of the converter
model.

The nonlinear model of the matrix converter is divided into a linear-state space (small-signal) model and
the steady-state (nominal) model. The steady-state model describes how the converter operates under
nominal operating conditions with no variations in its parameters. This model is a reference point to the
nonlinear model of the matrix converter. The linear state space model, which is a function of the matrix
converter steady-state values, represents the variations in the matrix converter's parameters about the
nominal operating point. Those variations need to be minimized, if not driven to zero, with fast and
acceptable transient responses. Hence, a controller has to be designed for the linear state-space model.
The controller is then implemented in the nonlinear model of the matrix converter. Simulation results
suggest that this approach can yield a good design. Specifically, the results show that the currents and
capacitor voltages of the novel modular matrix converter can be controlled at almost any operating point
to achieve maximum efficiency.

Two methods are considered in designing the controller. Both methods yield a control-gain matrix. The
first method is the pole-placement technique, which involves placing the poles of the linear state space
model of the matrix converter at desired locations. Upon implementation of this controller, the simulation
shows acceptable results at the nominal operating point. However, as the operating conditions of the
matrix converter change, the open-loop poles of the linear-state space model change and, hence, the
controller has to be modified to place the poles at the desired locations. To avoid running the pole-
placement routine to find a control-gain matrix every time the operating conditions change, a relationship
has to be established between the elements of the control-gain matrix and the matrix converter
parameters. It was found that the elements of the control-gain matrix depend strongly on the input-line
frequency (and, therefore, the wind speed and the generator output voltage) and the output current.
Unfortunately, no clear relationship can be found between the control-gain matrix elements and the input-
line frequency and the output currents. Another control approach had to be considered.
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The second method is optimal control, as explained in Chapter 10; it involves solving the algebraic
Riccati equation. The relationships between the elements of the control-gain matrix and the input
frequency and output currents, which are generated by the linear optimal-control method, are much
simpler than those of the pole-placement method. By taking all possible operating points of the matrix
converter into account, that relationship can be approximated by a polynomial curve-fitting method.
Therefore, instead of finding a solution to the algebraic Riccati equation every switching period, the
control-gain matrix can be calculated online quickly via simple math operations between the output
currents and the input line frequency.

8.3 Organization of Part Il

The first objective in Part II is to model the new modular matrix converter. This model provides an
analytical basis for design of the “control system.” The second objective is to design a controller for the
modular matrix converter that operates stably at all possible operating points and guarantees good
efficiency.

Chapter 9 begins with derivation of the matrix converter state space model. There, the nonlinear averaged
model is developed. That model is then linearized to get the small-signal model and the steady-state
model. As it will be seen, the linear-state space model is a function of the nominal (steady-state) solution
of the matrix converter. This chapter ends with a discussion of the stability, controllability, and
observability of the linear-state space model of the matrix converter. Tests of the model over a wide range
of operating points show that the model is stable, fully controllable, and observable.

Chapter 10 covers the feedback-controller design of the new matrix converter. A simulation of the matrix
converter operating under open-loop conditions illustrates the importance of the controller-design
techniques of this chapter. A controller design via the pole-placement method is then presented.
Simulation results of the controller implemented in the nonlinear model of the matrix converter are
demonstrated. The results show that the responses of the input and output currents and the capacitor
voltages of the matrix converter over a wide range of operating points settle to their nominal values after
an acceptable time with small transients. An explanation is provided about how it is difficult to find a
relationship between the elements of a controller-gain matrix, which is designed by the pole-placement
method, and the matrix-converter parameters. As it will be seen, that relationship is not linear and is not
easily approximated as a function of the converter parameters. Hence, linear optimal control is proposed
instead. Fundamentals of well-known linear optimal control are briefly reviewed. An optimal controller is
then designed and, as in the pole-placement method, the controller is tested with the nonlinear model. The
responses of the matrix converter when the optimal controller is implemented settle faster than those
when the pole-placement controller is implemented. Again, the relationships between the elements of the
controller-gain matrix, which are designed by optimal control method, and the matrix-converter
parameters are demonstrated. Those relationships are approximated by polynomial functions of the input-
line frequency and output-current amplitude. Equations that represent the elements of the controller-gain
matrix in terms of the matrix-converter parameters are derived and tested in the simulation. In Chapter 10,
the simulation program is modified to implement models of all nine capacitors of the matrix converter to
observe how these capacitors independently behave. Simulation results of this task are also presented.
Indeed, all capacitor voltages reach their nominal values from O volts once each one is utilized at most
one time. All simulation results are carried out using MATLAB/SIMULINK, which is a powerful tool in
control design and simulation. Using SIMULINK to implement the matrix converter makes it is clear and
easy to visualize its operation. Appendix D provides the SIMULINK files used for simulation of the final
model of the matrix converter.
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Experimental results are provided in Chapter 11. The matrix-converter prototype of Part I was connected
between the utility and a resistive load. The parameters that the elements of the controller-gain matrix
depend upon are different than those when the converter is connected between the utility and a wind
turbine generator. The experimental results prove the validity of the modeling scheme of the matrix
converter, as well as the feedback-control strategy implemented. Chapter 12 summarizes the key results
of Part II.
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9 State-Space Model of the Matrix Converter

9.1 Derivation of the State-Space Equations of the New Matrix Converter

This chapter provides the basis for design of a closed-loop controller for the new modular matrix
converter. A mathematic model of the converter is developed, which describes the average components of
the converter waveforms and which is suitable for simulation and controller design using conventional
tools, including MATLAB/SIMULINK and known linear multivariable controller-design techniques.

When the converter system of Part I is employed in a wind power generation system, it is desired to
control the generator current magnitude and phase and, hence, also the generator torque. In addition, it is
desired to control the output (utility-side) power factor and the average capacitor voltage. The control
input variables are the duty cycles or their d-q transformed equivalents. Use of SVM and the d-g reference
frame makes the resulting model easily employed for field-oriented control of the generator as well.

Thus, the controlled variables are chosen to be the input and output currents and the capacitor voltage.
The control input will be the input and output duty ratios. In order to do so, state-space equations have to
be derived for the matrix converter. Because the resulting equations are nonlinear, perturbation and
linearization is required and is accomplished by assuming that the input control variables and the output
variables of the state-space equations assume some nominal values (steady-state solutions) plus some
small perturbations (small-signal AC model) [4, 5, 6, 14]. A controller is then designed for the small-
signal AC model to drive those signals to zero. The controller is then applied to the nonlinear model.

In the following sections, the instantaneous voltages and currents of both sides of the converter are
defined. A strategy is then described to transform the converter's equation to the stationary dq0 frame.
The differentianl equations of the converter are derived for the input side, the output side, and the internal
capacitors. Those equations constitute the converter's nonlinear state-space equations. The equations are
then linearized. An examination of those linearized state-space equations is discussed.

9.2 The Terminal Voltages and Currents

Figure 9.1 shows the matrix converter connected to two systems: the input having capital subscripts and
the output having lower case subscripts. The figure shows the direction of the current flow. Resistances
have been added to take the line losses into consideration. Those resistances can be thought of as those of
the filter inductors.
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Input side Output side

Figure 9.1: Configuration of the matrix converter terminal connections and SVM
to control the input and output voltages

The input-side line-to-neutral voltages are

vy (@) cos(w,t —30%)
Vy (0) | = —2| cos(w,z —30° —120") 9.1)
Vey () 3 cos(w,t —30° +1207)

so that the input-side line-to-line voltages are

V5 (1) cos(w;t)
Vee (1) |=V,,| cos(w;t —120°) 9.2)
Ve, (1) cos(w,t +1207%)
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and the input-side currents are

i, cos(wt+6,, —307)
ipy(t) | =1, cos(wt + 6, —30°-120") | . (9.3)
ic(t) cos(wt +6,, —30° +120%)

The voltages across the input side of the matrix converter are then

v () [ cos(wt+0)
Ve () | =V, | cos(at +6,—120%) |. 9.4)
v, (@) | cos(at + 0, +120°) |

On the output side, the line-to-neutral voltages are

v (0] . cos(a,t —30°)
v,, () | = —%| cos(w,t —30° —120) (9.5)
v, (1) 3 cos(aw,t —30° +1207)

and the line-to-line voltages are

v, ()] cos(a, 1)
v,.() |=V, | cos(w,t —1207) |. (9.6)
Ve, () cos(w,t +120°)

The voltages across the output side of the matrix converter are

v ()] [ cos(w,t+6)
v, ()|=V |cos(w,t+6,-120") 9.7)
v () | cos(@,t + 6, +120°) |

and the output currents are

i(t) cos(w,t +6,,—30%)
i,(t) |=1,,| cos(w,t +86,,—-30"-120°) |. (9.8)
i(t) cos(a,t +6,, —30° +120°)

Equations (9.1-9.8) are used in the derivation of the matrix-converter differential equations, as well as in
finding its steady-state solution.

128



9.3 SVM and the Stationary dq0 Frame
In Part I, it was seen that each side of the converter switches three times during one switching period with
duty ratios: d;, d;, and d; o from the input and d,,, d,, and d,, o from the output. Note that

d+d,+d, y=d,+d, +d, ,=1.

Figure 9.1 shows segments of the input and output space-vector diagrams. The input reference voltage
space vector is found to be

Viovep = dyv,+dJy, +d,V, 9.9)
where

d, = m,sin(60° — ¢,)

d, =m;sin(¢,) (9.10)

dy=1-d, —d,

The same concept has been applied to the output side:

Voiref = ngn + dim + doOVO (911)
d, =m,sin(60° —¢)

d, =m,sin(4,) 9.12)
doO = 1 - dm - dn

Because V; and V; represent space vectors that tell which input phase is connected across v.,,, we can
define a 3 x 1 vector [V,] (x = k,[,m,n) that consists of 1s and Os that show which terminal is connected
across the capacitor. For example, if V} from Fig. 9.1 is V;, then V4 is connected across the capacitor, and

Vca 1s connected across the capacitor with negative polarity. Therefore, the vector [Vk]: [1 0 —I]T

and [V,] = [l -1 O]T. For this example, Eq. (9.9) can be rewritten as

1 1
=(dy| 0 |+d,|~1]w,, (9.13)
-1 0

Vi vy = d,lV,1+d, [V, Dv

cap
We can now define

dVl=d[V1+d.[V,
[ i 1] l[ l] k[ k] (914)
[dV,1=d,[V,1+d,[V,]

Each segment of the converter voltage space-vector diagram is 60° in length, and ¢, varies from 0 to 60°

as the input reference voltage space vector v; s rotates in the space-vector diagram. The space vector v; ,.s
represents the rotating dq0 vector of the voltages across the input terminals of the converter defined in Eq.
(9.4), which is transformed as follows:
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1 1
v (1) ~ 1 ) Yy (? 3 cos(w,t +6,)
v, (0| 3 3 Vi D=5V sin(w,t + 6,)

2
7 T Le®

(9.15)

which is a space vector that rotates counter-clockwise, with time, at an angle @t +6,. The angle ¢, can

be found as a function of @, + 6,, and the segment where the reference voltage space vector is located is

V4
qﬁl.:(a)it+6i)+g(3—2s) (9.16)
where s is the segment number. The same applies to the output reference voltage space vector.

For the single-capacitor control scheme, only one phase current flows into, or out of, the capacitor during
each of the five subintervals. More specifically, during one cycle, exactly two different input-phase
currents (from d; and d; subintervals) flow into the capacitor, and exactly two different output-phase
currents (from d,, and d, subintervals) flow out of the capacitor. Now, we can define a 1 x 3 vector [/,] (x
= k,I,m,n), which consists of only one entry as —1 or 1 and two Os that represent the current flowing into
or out of the capacitor. For example, if the reference voltage space vectors of both input and output sides
are in segment 1, then the current vectors are as follows:

[1=[0 -1 0]
1=t 0 0]
[,1=[0 1 0]
[,1=[-1 0 0]

This means that —/ flows into the capacitor (or Iz flows out of the capacitor) during d; subinterval; I,
flows into the capacitor during dj subinterval; I, flows into the capacitor during the d, subinterval; and —I4
flows into the capacitor (or /, flows out of the capacitor) during the d,, subinterval. As we’ve done for the
voltages in Eq. (9.14), we can define

[dili] = dl[ll]+dk[]k]

9.17)
[d,[,]1=d,[1,]+d,[1,]
Table 9.1 summarizes the results of the procedure previously described for the input side depending on
the location of the input reference-voltage space vector. Table 9.2 summarizes the results for the output
side depending on the location of the output reference-voltage space vector. Those results constitute the
basis to derive the matrix converter's differential equations and transform them into the stationary dg0
frame.
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Table 9.1: Input-Side Space Vectors

wi+0, 4 [Vl [V (1] [/i] [diVi] [dil]
1] [1] d, +d,
[-30°,30°] (ot +6)+30° |-1 0 o -1 0 [ o 0] {—d, ] [, -d, 0]
_0_ __1_ _dk
(17 [0] d,
[30°,90°] (ot +6,)-30° 0 1 oo oo -1 d, [, 0 -a,]
-1 1 L (d, +d, )]
[0 [-1] —d,
[90°,150°] (ot +6,)—90° 1 1 oo -1 [o1 0] {dﬁd,{] o d, -d]
__1_ 0_ —d,
[-1] [-1 —(d, +d,)
[150°,210°] (ot +6,)—150° 1 0 010 [-1 0 0 d, [-4, d, 0]
o
(-1 [o0] —d,
[210°,270°] (ot +6,)-210° -1 [F1 00 Jo o 1] {dk] [-4, 0 4]
L d L 1 d dl +dk
o] [1] d,
[270°,330°] (ot +6)-270° |-1 -1 o o1 o -1 0] {—(d,+dk)] o -d, 4]
L 1 u L 0 u dl
Table 9.2: Output-Side Space Vectors
w,t+6, 9, [Val [Vl [£,] (] [doVo] [dolo]
(1] [1] d,+d,
[-30°,30°] (o,t+6,)+30° |-1 0 o 10 [-1 0 0 {—dﬂ } [d, d, 0]
L0 |-1] -d,
(17 [o] d,
[30°,90°] (o,t+6,)-30° 0 1 [F1 0 0] o o 1] { d, [-d, 0 d,]
-1 |-1] —(d,+d,)
[0 [-1] -d,
[90°,150°] (o,t+6,)—90° 1 1 o o1 [o -1 0] |:dn+dm:l [0 -d, d,]
-1 [ 0] —d,
17 [-1] ~(d,+d,)
[150°,210°] (o, +6,)-150° 1 0 [0 -1 0] [ o 0] { d, [d, -d, 0]
_O_ L m dm
[-1] [o0] -d,
[210°,270°] (w,t+6,)-210° 0 -1 oo oo -1 {—dw } [, 0 -d,]
L 1] L 1] d, +d,
[0l [1] d,
[270°,330°] (o,t+60,)-270" |-1 -1 [o o -1] Jo 1 0] |:—(dn+dm) [0 a, -d,]
1 d,
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9.4 Derivation of the Matrix Converter Differential Equations

In the following subsections, differential equations of the matrix converter are derived to get a state-space
model. The subsections are divided into three parts: derivation of the differential equations of the input
side, derivation of the differential equations of the output side, and derivation of the differential equation
inside the converter.

9.4.1 Input Side

With reference to Fig. 9.1, Kirchhoff's voltage law around the input side of the terminal shows that

I -10 1,(1) i,(?) V(1)
0 1 =1L ® |+ R0 )= voe) |, O14F 0], ©.18)
-1.0 1 ic(?) ic(?) Veu(?)
Note that
VA'B'(t)
(Vo OIAV(1)]) =| v, .. (1) |= Equation (9.4)
VC'A'(t)

Rewriting Eq. (9.18) in the stationary dq0 frame leads to the following:

J I (1) iy (1) I (1)
[g](l‘i(E[TZABC]) iqi(t) +Li[TZABC]E iqi(t) + R[T, 5] iqi(t) )
i; (1) i; (1) iy; (1)
(9.19)
Vi d (1)
=[0IV | = Ve (D] d i () )
Vi dy; (1)
where
1 -1 0]
[g]=1]0 1 -1 (9.20)
-1 0 1]
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From Table 9.1, multiplication of [T, ]by the six possible [d V] gives the same result:

d (1) ; cos(6,(1))
() | =gl d Vi1 =2 m) sin(6,(1))
dy; (1) 0
cos(wt)  cos(af— 2?7[) cos(mt — 4?7[)
(1,41 =| —sin(@) —sin(@f — 2%) —sin(wt — 4?77)
1 1 1
L2 2 2 ]
cos(w;t) —sin(w;t) 1

Y V,5(0) 1
ti :[Tqui] Ve (8) =%Vlm 0
Vo Veu(?) 0
d, (1)

d (1) | = [Ty, 1[4V (0)].

| doi(2)

(7, 45c ] =§ cos(wit _2%) _ sin(ay _ZT”) |

[T, 4pc 1% [Tqui 1=

d 2

— T upc] = 0| —sin(@yt - 2%) —cos(mt — 2%)

dt 3

cos(wt — 4?”) —sin(wt — 4%) 1

[Tqui IXI[T, e 1=1[1]

—sin(wt)

—cos(wt)

Multiplying both sides of Eq. (9.19) by [T}, ] leads to
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o O

(9.21)

(9.22)

(9.23)

(9.24)

(9.25)

(9.26)

(9.27)



—o -, ofi, 0] [VB3 -1 o] [i@)
%Li 3, — 0 iqi(t) +| 1 \/g 0 % iqi(t)
0 0 0| i, (?) 0 0 O i (2)
3
i V3o-1 0 ) El/im ; cos(8.(1))
== 2RI N3 04,0+ |0 |- Smon, o) sin@0)

0 0 0i,0 0 0

(9.28)

The zero-sequence terms are all zero, hence can be ignored. Upon collecting like terms, we obtain the
following:

EL \/g -1 iidi(t)
2 71 3 dr| i)

NE VETS | BN 1 3| ®
- _TR{I \/5}7&0){— A 1DL¢ (t)} (9.29)

3
v, 1.3 cos(6,(1))
([ {ﬂ

1,.(f
We now solve for L, { al )}

i(t)
L4 {ld (t)}
tdt| i, (1)

[ R Le]u® 9.30
|-Lo, -R i ©-30)
| Ty
2 253 3 cos(6,(1))
S Uzo ] 2m’mv““”(t)Lin<@(r>>H
23 2

. Yai(t)
Define a dg input control such that
?/ qi (t )
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| cos(6,(1) - =)
[7””0)}:%;71[(0 6

0] sin(@,(¢) —%)

(9.31)
Equation (9.30) can finally be written as

3
L O [ =R Lo O] |4 | v O 70
i) ~Le -R |07 BT |70 9.32)

4
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Equation (9.32) consists of two differential equations that describe the input side of the matrix converter.

9.4.2 Output Side

Analysis similar to the above can be applied to the output side. Specifically,

d ia(l) ia(l) Vah(t)
(L, 1 i) [+ R, i, (1) ) = v, (DI, (D] = | v, (0) (9.33)
i.(7) i.(1) v, (1)
Note that
va'b' (t)
<Vcap [d,,Vo(f)]> =|v,...(t) |= Equation (9.7)
Vc'a' (t)

which are the voltages across the output terminals of the converter. Transferring Eq. (9.33) into the
stationary dq0 frame yields

d ido (t) ido (t) ido (t)
[g](l‘o (E[]—'Zabc ]) iqo (t) + Ln [TYZabC]E iqo (t) + Ro [];abc] iqo (t) )
iOo (t) iOo (t) iO() (t) (934)
ddo (t) Vdo
= [T'Zabc](vcap dq() (t) - I/qu )
dOo (t) VOU
where
_I/do Vab (t) 1
V:{() = [TZa'qo Vbc (t) = %V;m 0 (935)
_Vv()o Vca (t) 0
_ddo (t)
_dOO (t)
From Table 9.2, multiplying [7,,,, ] by the six possible [d V,(¢)] gives the same result:
; cos(6,(1))
[5400 10V, (D)] = Emo(t) sin(6, (7)) (9.37)
0
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cos(w,f)  cos(w,f+ 2?7[) cos(m,t + 4?”)
1 1 1
2 2 2 |
cos(w,t) —sin(,t) 1
cos(a@,? + 4%) —sin(w, + 4?”) 1

[TZabc ]X [Tqua ] =

d
E[T'Zabc ] =

_a)o

[Tqua ]X [T2abc ] = [[]

—sin(w,t) —cos(w,t) 0

—sin(w,t - 2?7[) —cos(w,t - 2?7[) 0

—sin(w,t - 4?7[) —cos(w,t - 4?7[) 0

Now, multiply Eq. (9.34) by [];dq(] to obtain

_a)o

G| e,

0

1
0

~VBa, ofi, @] [3 -1 0 .,
~w, O0fi, 0|+ 1 3 01— i

V3 -1 0,0

0 oli,®] [0 0 o0

I3, (1)

I, (1)

cos(d,(1)) %I/om

30,0 |+ Sm, 0,0 sin@,0) |-| "0
0 0li,0 0 0
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After the zero-sequence terms are neglected, Eq. (9.42) becomes

ﬁL NCS | d I (1)
2 71 3at|i, ()

[ BB -1 ﬁ 1 V3] w®
3 cos(6, (t)) v
+ Ema(t)vcap( )L w0, (1) [ . }
Solving for L —|: ::E ﬂ yields
d ido(t)
L”ELOOJ
_ I _Ro Loa)o__ido(t) 944
- __ Loa)o _Ro__iQO(t) ( . )
! 1] ;
2 253 cos(@,)] |2y
f A 2mn(t)vm,,(z>[sm( 0 (t))} [20 }
W3 2
_7do (t)
Now, define a dg control for the output, , such that
| 740 (D)

ot cos(6, (1)~ )
K Oitﬂ:%mo(t) | ¢ (9.45)
Z SLCAGRED

Equation (9.44) can finally be written as

3
dli®] [ =R Lo iu®] | 4| vu®O[7.0
LDEL@U)}L%% —Rj{iqo(t)}w”m BITs {7@(1)} (0-46)
4

Equation (9.46) contains the two differential equations that describe the output side of the matrix
converter.
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9.4.3 Internal Capacitor Equations

By using Kirchhoff’s current law and noting that currents flow from the input side through the converter
to the output side, we can show that the current flowing into the capacitor is as follows:

0 L (0)
L O =410 O | +14,1,0) 1,0 ©.47)
t (1) L (0)

where [di{;(¢)] and [d,],(t)] are defined in Eq. (9.17) and the input and output currents are defined in Egs.
(9.3) and (9.8), respectively. Multiplying the six possible [di/;(2)] values from Table 9.1 by Eq. (9.3) gives
the same result:

1,(0)]
B

[d,1,()] i5(2) | = 7

i, (Om, (1) cOS(8,(0) ~ 6,,(1) . (9.48)

Lic () ]

The same applies for the output side. That is, multiplying the six possible [d,/,(?)] values from Table 9.2
by Eq. (9.8) gives

i, (1)]
[d,1,(D)] i, () =—giom(f)mo(t)coswo(t)—ep,-o(t))- (9.49)
RAGN

Equation (9.47) then becomes

¢ %Vcap (0= \f Iy, (D)m; (1) cos(6,() = 0,,(1)) — \26 Lo (D), (1) c0S(6,(1) =0, (1)) - (9.50)

By using the following trigonometric identity

_ . : cos(y)
cos(x = y) =cos(x)cos(y) F sin(x)sin(y) = [cos(x) sm(x)]{ in( )} (9.51)
sin(y
we have the following:
cos(d,, (1))
cos(6,(1) = 0,,,(1)) = [cos(6,(1))  sin(6,(1))] (9.52)
sin(8,, (7))
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for the input side and

c0s(8,,, (1))
c0s(6,(1) = 6,,, (1)) = [cos(6, (1))~ sin(8, (¢))] (9.53)
‘ sin(@ . (1))

pjo

for the output side. Now, the input currents in the dg0 frame are, by use of [7,,,, ] of Eq. (9.24) and

i,()
i,(t) | of Eq. (9.3)

ic(t)

(1)

1,(2)

1;(1) | = [T ] 15(2)

I, (2)

ic(?)

cos(wt) cos(wf — 277[) cos(wt — 477[)

=i, (1) —sin(wit) —sin(wt — 2%) —sin(wt — 47”)
1 1 1
L 2 2 2 |
cos(wt + Hpﬁ (t)-307%)
x| cos(wt + 6 ,(t)—30” —120°)
cos(wt +6,,(1)—30" +120")
i, (2) 00O~ %)

i,(0) :%iim(t) sin(0,,,(1) — =)

i, (1)

By using [7,,,] of Eq. (9.38) and i,(t) | of Eq. (9.8), the output currents in the dg0 frame are as

follows:

T

6
0

,(t)

(1)
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ido (t) ia (t)
iqo (0 |= [Tqua] i, (1)
iOo (t) ic (t)
cos(w,t)  cos(w,t— 2?”) cos(aw,t — 477[)
=1,,(t) —sin(w,t) —sin(w,t - 277[) —sin(w,t - 47”)
1 1 1
L2 2 2 ]
cos(w,t + pro (t)-30°)
x| cos(a,t +6,,(t) =30 —120")
cos(a,t +6,,(1)-30" +120")
- .
cos(@ . (1) ——
ido (t) ( & 0( ) 6 )
i,,() |= Ezom (2)| sin(8,;, (1) — g)
iOo (t) 0 (955)
Now consider Eq. (9.52). Take only the ,,(¢) vector of that equation:
cos(6,, (7)) cos(8,,(t) - z + 1)
B ° o (9.56)
i - T
sin(6,,(#)) sin(6,,(t) - < g)

By using the trigonometric identity of Eq. (9.51) and the following trigonometric identity, we obtain

. . . . {cos(x)}
sin(x £ y) = cos(y)sin(x) £ sin(y)cos(x) = [sm( y) cos(y)| . (9.57)
sin(x)
in Eq. (9.56), with (x =6, ,(?) —%) and (y = %) . Eq. (9.56) becomes:
cos((8,,() - %) + %) ) cos(@,, (1)~ %) cos(%) —sin(6,, () - %) sin(%)
sin((6),,(£) - %) + %) cos(8,,,(1) %) sin(%) +sin(,, () - %)cos(%) o5
7T . T 7
_ cos(g) — sm(g) cos(d,, (1) - g)
sin(%) cos(%) sin(9,, () - %)
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Substitute the results of Eq. (9.58) into Eq. (9.52) to obtain the following:

Vg in( z
cos( ) —sin(y) | cos(6,,() =) (9.59)

T

cos(6,(1) = 0, (1) = [cos(61)) sin(G )] 7 h
sin(g) cos(g) sin(é?pﬁ(t)—g)

Now, consider the first vector and matrix in Eq. (9.59). Using the same trigonometric identities of Egs.
(9.51) and (9.57) leads to

cos(z) —sin(z)—
[cos(6,(1)) sin(6,(1)) 6
sin(;) cos(%)

cos(8,(1))cos(Z) +sin(6,(¢)) sin()
= 6 6 (9.60)
—cos(6.(1)) sin(%) +sin(6.(¢)) cos(%)
| cos(6()- RIECIOR %)}
Now, Eq. (9.52) can be written as
_ A cos@,,(0-7)
cos(éz(r)—e,i(t)>=[cos<9i<t)——) sin(@(t)——)} 6. (9.61)
& 6 . r
sin(8,, (1) ——)
: 6
The same analysis applies to the output side. Equation (9.53) becomes
cos(8,,, (1) — =)
cos(6,(£)—0,,,(1)) = {cos(@o -2y sin(8, (1) - 1)} 61, (9.62)
P 6 . T
sin(d,, (1) — g)
Substitution of Egs. (9.61) and (9.62) into Eq. (9.50) causes the capacitor current equation to become
d
c Z eap (1)
3 V4
i =l (1)€08(0,,(1) ——)
=15 3 m0es0.0-%) %m,.(r)smwim—%)} 2 s 9.63)
3L S (©)sin@,,(0) =)
3 V/a
! 20,,()c0s(8,, (1)~ 5
- amoes0.0-5) Snwsin0,0-5] 3 "e
V3L i (OI0(8,,(0) =)
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7ai(?) Va0 (?)
V(D) V40 (0)

(9.45) and using the input and output dq0 currents of Eqgs. (9.54) and (9.55), respectively, causes Eq.
(9.63) to become

} of Eq. (9.31) and the output control |:

Using the definition of the input control { :| of Eq.

d 2 i, () I (?)
szcap(t) - m([ydz(t) yqi (t):1:lql (t)j| - [7do (t) yqo (t):{l.qg (t)i|] . (964)

Equation (9.64) describes the capacitor voltage dynamics. This is a differential equation that links the
input side of the matrix converter to its output side.

9.5 The Nonlinear Differential Equations of the Matrix Converter

Equations (9.32), (9.46), and (9.64) can be combined into the following form:

[PE ol [r oL+ [wTh] ©0:65)
where
C 0 0 0 O]
0L 0 0 0
[Pl=|0 0 L 0 o0 (9.66)
00 0 L 0
00 0 0 L]
V(D]
i (1)
[x(t)]=| i,(0) (9.67)
(1)
(D) |
[ 2 2 ) -2 i
m%ﬁ(ﬂ m?fqi(f) ﬁ?”do(f) m%p(f)
_T;Vdi(t) _R,' Lia)i 0 0
[f(]= _T;ni(t) - Lo, - R, 0 0 (9.68)
%}/do (t) 0 0 o Ro Loa)a
% Vo (1) 0 0 - Lo, ~R,
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0 0
3
4
ERER
[M]=| 4 (9.69)
0o 3
4
o B
i 4
I/im
-, | 070

This is the nonlinear state space model of the new modular matrix converter. It involves multiplication of
time varying variables, which is a nonlinear operation. It is desirable to design a controller to minimize
the variations of the converter's parameters. Those variation quantities are embedded in the nonlinear
model. To extract them, a technique called /inearization will be used. Linearizing a nonlinear differential
equation will divide it into a nominal part, a 1¥-order linear part, and a 2"*-order nonlinear part.

9.5.1 Linearization of the Matrix-Converter Nonlinear Differential Equations

Equation (9.65) is a set of five nonlinear differential equations derived as a first step to design a feedback
controller for the novel modular matrix converter. To facilitate design of the controller, those equations
will be linearized. That is, we shall assume that each of the five controlled output variables, [x(?)], are
divided into two parts: nominal values and small perturbation, as follows:

— — A

chap Vcap(t)
Li| | i,
O1= X101 =| 1, |+ 1 (0 ©.71)

1, i, (1)

Lo (D) |
and the same for the control variables:
¢ r |
7qx( ) gx }/qx (l‘)

3 . cos((®, + éx ) - ﬁ)
=2 (M, +m (1) 6

(9.72)

R (x=1i,0)
sin((®, +6, (1)) - %)
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By using the trigonometric identities (Eqgs. [9.51] and [9.57]) on the trigonometric terms in Eq. (9.72),
with x =(0© - %) and y = (6 (¢)) , we obtain the following:

cos((®, + 0,0~ ) feos©. -9 cos(6, ()~ sin(®, ~ F)sin(6, 1) ©0.73)

sin((©, + éx (1)) — %) cos(®, — %) sin(éx (1)) +sin(® , — %) cos(éx (1))

Now, the trigonometric functions cos(x) and sin(x) can be written in power series (about x, = 0) as
follows:

2 4 6
cos(x)=1—%+%—%+ .....
R (9.74)
sin(x)=x——+——.....
6 120

By substituting x = (€ (¢)) in Eq. (9.74), taking only the linear terms (i.e., the first term of each series),
and substituting the results into Eq. (9.73), we obtain

- V4 b . VAN
cos(©, +0,(0) =) | |cos(0, =) =sin(®, ~)6.(0)

i ) (9.75)
sin(@, +0.(1) - 2) | | cos(®, —2)0.(¢) +sin(®, —2)
6 6 6
Now substitute Eq. (9.75) into Eq. (9.72):
V.. (0) . leos®, - Z)—sin®, -2 éx 0
=2 M, (1) 6 6 (x=i,0)" (9.76)
ya0| 2 cos(® — %) 0.(t) +sin(®, - %)
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Multiply the terms

r
Y ax (1) cos( @, — =)
- iMx 6
re@] |7 Jsince, -5y
3 —sin( @, -2y . cos(@. -2y | . (9.77)
v M, 6 o+ = m (1)
cos( ©® —l) sin( ® —1) ‘
L X 6 | X 6
. r
3 —s1n(®x—?) . A
5 m (1)0.(t)
cos(@x—%)

The third term is the 2™-order nonlinear term and will be neglected in this study. The first term is the

steady-state control:

L, 3 cos(®, — 1)
=M, 6 (x=1,0) (9.78)
r, sin(@, — )
6
The second term is the 1¥-order linear term and can be simplified to
A Fdx
Va(?) Ll M|
= 0.(1)+ r Y im (1) (x=1i,0). (9.79)
A r qx
V(D) ds iY;
Equation (9.68) can now be written as:
(9.80)

L/ (O1=[F1+[f®)]

where

146



i 2 2 -2 -2 ]
0 —Tr, —I. —I, —T
2\/3 di 2\/5 qi 2\/5 do 2\/5 qo
_—31 . —R Lo, 0 0
-1
[F]= N -Lo, -R 0 0 (9.81)
%Fdo 0 0 -R, Lo,
1
5 0 0 -La -R
B 2 A 2 A _2 A _2 A N
— v () —y.(t) ——y, () —y (t
3\/57611() 3\/57(11() 3\/§7d0() 3\/57/(10()
_T;ydi(t) 0 0 0 0
A o1
Lf(D]= ﬁ“"(’) 0 0 0 0 . (9.82)
%m(t) 0 0 0 0
%MU) 0 0 0 0

Substitution of Egs. (9.71) and (9.80) into Eq. (9.65) yields the converter nonlinear equations:

Py )= (L eI+ [ 70 [l ff o o [ 70 [0 o
which is of the form [6]:

{Converter} B {Steady - State} N {1“ order (linear)} N {2"‘1 order (nonlinear)}

Equations Equations Equations Equations

The first term describes the steady-state operating point of the matrix converter. It gives an insight of how
the converter behaves given certain input parameters. The second term, which will be rearranged later,
represents the linear time-invariant state-space model of the matrix converter. It is a function of the first
term (the steady-state model). The third term is a higher-order nonlinear model and will be neglected.

9.5.2 The Steady-State Solution of the Matrix Converter

The nominal part of Eq. (9.83) constitutes the steady-state solution of the matrix converter. After
substituting Eqgs. (9.71) and (9.81), the nominal part of Eq. (9.83) becomes

[P]%[X]=[F][X]+[M][N]=0- (9.84)
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Equation (9.84) can be divided into three sets of equations: one equation that involves the capacitor
current, two equations for the dq input side, and two equations for the dg output side, as follows:

. I
d 2 di do
c<v,=——(r, r,] |-l ] p=o0 (9.85)
dr ? 3\/5 q I3 q ]
qt qo
I R Lol S ey
L d di B i iwi di 4 \/g di im _0
iE - + _\/g - = (9.86)
[qi -Lo, —-R 1 qi 4 _3Fqi V:rap
I R Laoll =S ey
d do B -1, oa)o do 4 \/5 do om _0
OE = + \/g 1 =0. (9.87)
[qo Lo _Ro Iqo e _ro cap
4 39

Because the filter inductors of both the input and output sides are equal [1, 2, 45], we can simplify and let
L; =L,= L and R;= R, = R. Under steady-state operation, the known parameters are as follows:

Recall from Chapter 3 that the input and output modulation indexes are defined in Eq. (3.3) and expressed
here as

21V

(= 5—;; Ll (x=i0) (9.88)

cap

where

V. | 1s the magnitude of the dg0 vector that represents the three-phase line-to-line voltages

across the converter's terminals defined in Eq. (9.4) for the input side and Eq. (9.7) for the output side.
Those two vectors are found by multiplying Eq. (9.4) by the transformation matrix defined in Eq. (9.24)

for the input side and by multiplying Eq. (9.7) by the transformation defined in Eq. (9.38) for the output
side. The answer can be put in a simplified one-vector form:

Vde _ 3 COS(®x) _
[quj = EV"’” [sin(@x )} (x=1i,0). (9.89)

Using Egs. (9.88), (9.89), and (9.78) for both input and output in Egs. (9.85-9.87), with additional
simplification, leads to the following system of steady-state converter equations:

Veg - Vroo -
(Vm + %}I di (% o VTqi jl g (VTdo + %J] do T (% - VTqu j] g 0 (9.90)

3 1 1

vy
im 2 Tdi 2\/5

v
4

Tqi

~I,R+1 Lo =0 (9.91)

qi™i
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_szm +%Vnﬁ _%VTqi _[diLia)i _]qiRi =0 (9.92)
3 1 1

_Zl/om +EI/Tdo +mVqu _IdoRo + [qoLoa)o =0 (993)

gVom _%VTdo +%Vqu _IdoLoa)o _Iqua = 0 (994)

The steady-state input currents are transformed into the dg0 frame in Egs. (9.90-9.94) by multiplying Eq.
(9.3) by Eq. (9.24), as follows:

1, i,(?)
[qi = [Tqui] iy (?)
I, ic(?)

2 4
cos(w;t) cos(wt— Tﬂ) cos(w;t — Tﬂ)

=1,,| —sin(w;) —sin(a,f— 2{) —sin(ew,t — 4?”)

1 1 1

2 2 2
cos(wt+0 ,, — 30%)
x| cos(wt+0@ , —30” —120%)

cos(wt +© ,, —30° +120°)

cos(®

sin(®

i

N oy

)

pfi g)

0
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In a similar manner, the steady-state output currents are transformed into the dg0 frame by multiplying

Eq. (9.8) by Eq. (9.38):

]do ia (t)
Iqa = [T2dqo ] ib (t)
100 ic (t)

cos(w,t) cos(w,t— 2%) cos(aw,t — 4%)

=1,,| —sin(o,r) —sin(w,’— %r) —sin(w,t — 4?”)

1 1 1
2 2 2
cos(w,t+0 ,, —30%)
x| cos(@,t+O ,, —30" -120%)
cos(w,t+0 ,, —30” +120%)

cos(® ,;, — %)

Ido 3
. T
qo = E Iom Sln(®pfo - g)
100 0

(9.96)

By substituting Eq. (9.95) for [I a 1 qi]r and Eq. (9.96) for [I w 1 qu]r in Egs. (9.90-9.94), we obtain the

final steady-state result:

\/51 m (Vm cos(@ o )+ Vigi sin(@ o ))— [Vmo + If%” ]I ot (
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Equations (9.97-9.101) represent five equations in five unknown variables:

1, ramplitude of the input current.
ViasVrg - dq representation of the voltages across the input terminals.
VTdo > Y

40 - dq Tepresentation of the voltages across the output terminals.

The solution of Egs. (9.97-9.101) for those variables is as follows, after simplifications:

VTdo = %(I/om + \/glonz (COS(pro )Ro - Sin(®pfo )Loa)o )) (9 102)

Vi = %I om (sin(@ oo )Ro + cos(@ oo )Loa)o ) (9.103)

;o V. cos(@ o )— \/ (me cos(@ o ))2 - 4\/§R[V0m cos(@ oo )Iam —12RR I’ ©.104
" 23R, '

Vi = %(Vlm - \/glim (cos(@l,ﬁ )Rl. - sin(@l]ﬁ )Ll.a)l. )) (9.105)

Vig = —%IW (sin(@mi )Rl. + cos(@)pﬁ )Lia)i). (9.106)

Note that these equations are valid provided that the capacitor voltage V., is at least as great as the
maximum amplitude of the converter peak terminal voltages (i.e., V,,, = max{V. ..,V .}).

cap
Note that, from Eq. (9.104), for maximum current transfer from the input side to the output side of the
matrix converter, the equation under the square root should be set to zero. The equation under the square
root of Eq. (9.104) is a quadratic equation in the amplitude of the output current /,,. So, if all the other
parameters in that equation are known except for the output current amplitude, then the solution of this
quadratic, which yields one negative answer and one desired positive answer, is the maximum output
current that can be drawn from the converter. Then, Eq. (9.104) will give the corresponding input current
amplitude to get that maximum output current.

The solutions of Egs. (9.102), (9.103), (9.105), and (9.106) are used in Eq. (9.89) to find the steady-state
input and output terminal voltages of the matrix converter, as well as the input and output displacement
angles. The results are used in finding the input and output modulation indices (Eq. [9.88]) and then
finding the input and output dg control of Eq. (9.78).

9.5.3 The Small-Signal AC Model and the LTI State-Space Equations

The small-signal AC equations of the matrix converter come from the 1%-order (linear) portion of Eq.
(9.83):

[P]%[Q(r)]=[}(r)][X]+[F][§c(z)], (9.107)

which consists of five equations:
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d A A 21 A 21—wdi A 21—‘qi A

G
3\/_ Vat 3[ 3\/_‘1 33

9.108
ar,c 20,° or,t o, ©-108)
7/ o ldu i 0
NN 3f N
d’ 1 1 "
L Eldl — Rild’—l—Lia)ilq’_ﬁVcap ydl_ﬁrdl Vcap (9.109)
L a4, R L j ! V ) ! r A
iE lqt -a)ildi_ﬁ cap }/qi ﬁ gi Veap (9110)
d A A A 1 A 1 A
L dtldo = R ldo‘l’L a) lq0+ \/gl/cap ]/do‘i‘ﬁrdo Veap (9111)
L d —lgp =—R i~ L@, isw+— ! V ! r (9.112)

- Vca .
0“0 cap e qo qo 'p
NE) N

Equations (9.108-9.112) can be used to form the small-signal AC model of the matrix converter. Figure
9.2 shows that model. It consists of five networks: the input and output d and ¢ networks, all linked to the

’dt

r
capacitor network by a transformer with turns ratio % (x =io0andy =d,q).

The general form of a linear time-invariant (LTI) state-space system is as follows:

%[x(t)]= [A][x(0)]+ [B][u(r)]

(9.113)
y(0) =[C]x®]+ [D]u)]

Ri L ;m(f) I3 V3T, /21,,(!) L, Ra
- . N -
Lay .o ) i (01 26T v (W0 , 2y ()
V3 LO,ia(t) ’ 4 L, iao(t) V3

R L iwr.s ar, il Lo R

(] °
r » r »
=70 . . 7 (0
V3 L, ia(b) LO, iu(t) V3
1

e+
L

[
Note:

. L. .
iag_i(1) :f”m Va(O+1,7,(0)

, ) . .

ia o(t)= ﬁ(l w7 6O+ 1,7, (1)

Figure 9.2: The small-signal ac model of the matrix converter
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x()

() B [ C )

A

Figure 9.3: Block diagram of a general LTI state space model.

A block diagram of the system described by Eq. (9.113) is shown in Fig. 9.3. Equations (9.108-9.112) can
also be combined to get the state-space equations of the linearized matrix converter. The results are

%[ ;(z)} = [A][;c(t)} + [B][;(f)}

; . . (9.114)
()= [C][x(t)} + [D][u(t)}
where
[ﬁﬂ=ﬁgm WO 00 0,0 ;m} (9.115)
A i A A A A T
[u(t) {m(t) V(@) 74 (0) yq,,(t)} (9.116)
I 0 zrdi 2rqi _ 2rd0 _ 2rqo |
33 3W3C  33C  33C
1 R
———r, - . 0 0
\/gLi di Ll- a)l
[4]= T, —e, & 0 0 9.117
= \/ng qi i Ll- ( . )
1 R
— 0 0 %
N L “
1 R
—F 0 O _ _ T
V3L, @ L |
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I 2[di 21qi _ 2Ida _ 21q0 |
33C 343C W3 33C
1
-—V 0 0 0
\/ng. cap
1
= 0 -V 0 0 9.118
[B] '\/ELI cap ( )
1
0 0 —_ 0
\/gLO cap
1
0 0 0 —V
_ L, |
[c]=[1].s (9.119)
[D]=[0],.s. (9.120)

A block diagram of the converter state-space equations is shown in Fig. 9.4.

. x(0) )
uity —— B [ = ()

A

Figure 9.4: Block diagram of the linearized converter's state-space equations

9.6 Poles of the LTI State-Space Model of the Matrix Converter

The last step before designing a feedback controller is an examination of the open-loop model. An
examination of the open-loop system reveals important characteristics about it, such as its stability and
performance.

The stability of an open-loop linear time-invariant state-space system is determined by the location of its
poles. The poles of a state-space system are defined as the eigenvalues of its 4 matrix, which is called the
system's state dynamics matrix [4, 5, 35, 36, 41, 43]. Those eigenvalues can be found by solving the
characteristic polynomial of the system, which is found to be

0

2

p(s) =det(s[7]-[4)) (9.121)

where det denotes determinant. For the state-space model of the matrix converter described by Eq.
(9.114), it is assumed that the filter inductances of both input and output sides are equal and, hence, their
resistances (R, = R and L, = L, x = i,0). Using that assumption, after substituting Eq. (9.117) for [4] in Eq.
(9.121) the characteristic polynomial is
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p(s)=5"+ 4[%}4

FZ +I2+T, +T.
j + )+a)l.2+a)02 s

9LCap

j N FZ +1"2 +I +1"2 )+2(§j(wg +a)2)}z

3L2Cap R

(Rj L2+ Jo? + (0, 3 Jo?) 122
9LCap
N 2R*(12 +r3q2i +I;, +F;,,)+(£j2(wiz + 0+ @i
3LCap
2R+ T3 415 + Ty ) 2R(S + T3l + (T + 13 J? )]
9L'Cap 9L’ Cap

+

D
/N
hlw

S

=0

Equation (9.122) can be further reduced. After substituting the values for I' . (x = o0 and y = d,q)

defined in Eq. (9.78), the characteristic polynomial becomes

2
p(s)=s"+ 4(5}94 + 6(£j +M+ ! + o}
L L 2LCap

+ 4(£j3 3R(Mz—+Mz) + 2(%)(@12 + a)j) 2

> s
L 2L Cap
RY N Mo+ Mo} 3R2(M2 +M2) (9.123)
N L 2LCap 2LCap

+ (%Jz (a)i2 + @ )+ o'’

R (M2 + M) . R(M? @ + M)
2L Cap 21*Cap

Equation (9.123) is a quintic (5™-degree polynomial) and, unfortunately, it cannot be solved by simple
mathematical operations, like a quadratic, a cubic, or a quartic polynomial. Numerical solution techniques
[7], such as bisection, secant, etc., will be used to solve the polynomial. Appendix (A) shows some pole
values corresponding to the following matrix converter parameters:
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R :input/output filter inductance resistance (approx.) = 2mg
L :input/output filter inductance = 0.2mH

C : matrix converter nine - switch capacitances = 10 uF

/, :input - side line frequency (variable)=13 — 25Hz

/. :output - side line frequency = 60Hz

:input - side line - to - line voltage amplitude = varies according to a constant 9.6 I
z

y

V.. coutput - side line - to - line voltage amplitude = 240V
0,,; - input power factor (variable) = 0.9 -1

6,,, - output power factor (variable) = 0.5 -1

The rest of the parameters of the matrix converter are found by solving the steady-state equations in
Section 9.5.2. The parameters are chosen to show that the input side is some variable-speed power system
with low line frequency and a power factor that’s close to unity. The output side is a utility grid with a
fixed line frequency and line voltage.

A system is considered stable if the real parts of all of its poles are negative. That is, if all poles are
located to the left of the imaginary axis. From Appendix (A), it is found that the real parts of all five poles
of the characteristic polynomial are negative. Therefore, for the wide range of operation points specified
by the parameters listed above, the matrix converter is stable. In fact, the real parts of the poles depend
mainly on the R/L factor. It is approximately R/2L for the poles P, and P, , and R/L for P; , P, and Ps.

9.7 Controllability and Observability of the LTI State-Space Model

A linear state-space model described by Eq. (9.114) with n states, m outputs, and 7 inputs is completely
controllable if its n Xrn controllability matrix has a full rank of n [4, 5, 35, 36, 41, 43]. The controllability
matrix is defined as follows:

A=|B|4B| 4°B|....| 4"'B|. (9.124)

A full rank of controllability means that the states of the model are controllable and full-state feedback is
possible; the poles of the open-loop system can be placed such that the desired response is achieved.
Similarly, the linear state-space model of Eq. (9.114) is completely observable if its nxmn observability
matrix has a full rank of n, where the observability matrix is defined as

o=|cm|arcm(arfcr . (4 7] (9.125)

where the superscript 7" denotes the transpose of the matrix. Full-rank observability implies that all states
are available for measurement. If that is not the case (the rank of O is less than n), an observer (state
estimator) is required.
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The last two columns of the table of Appendix A show the rank of controllability and observability
matrices, respectively, over a range of operating points. The rank of those matrices is 5, which is the
number of states. As a conclusion, the LTI state-space model of the matrix converter is fully controllable
and fully observable.

9.8 Summary

In this chapter, the model of the matrix converter is developed. Differential equations representing the
matrix converter were derived. Those equations were then broken down into steady state, 1¥-order, and
2"order systems. The steady-state model represents the matrix converter operating under steady-state
conditions. The 1*-order system was then rearranged to represent the LTI state-space model of the matrix
converter. The output variables, which turned out to be the states of this model, are the small
perturbations of the matrix converter's variables that need to be minimized. The poles of the LTI state-
space model of the matrix converter were then examined over various operating points. The system was
found to be stable. Moreover, by testing the controllability and observability of the LTI state-space model,
the system was found to be completely controllable and observable. Hence, based on those results, a
controller-gain matrix can be designed.

Chapter nine is the main step to solving the control problem of the matrix converter. The next step is

designing a feedback controller to minimize the perturbations and finding a relationship between the
controller and the converter's varying parameters, which will be discussed in the next chapter.
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10 Controller Design for the LTI State-Space Model of the Matrix
Converter

10.1 Feedback and Controller Design of the Matrix Converter

This chapter discusses a strategy to design a controller for the matrix converter. In Chapter 9, nonlinear
differential equations for the matrix converter were derived. Those equations were then linearized to get a
small signal model of the matrix converter. In this chapter, two controller design methods are discussed
for the linearized model. The controllers are then tested when used with the nonlinear model of the matrix
converter. An attempt to find a relationship between the elements of the controller-gain matrix and the
matrix converter parameters is also discussed. As it will be seen, the relationship is clearer with a linear
optimal controller design.

To visualize the need to design a feedback controller to regulate the input/output currents and the switch-
cells capacitor voltages, Fig. 10.1 shows an output response example of the open-loop nonlinear model of
the matrix converter. The initial conditions of the states are zero (i.e., [x(0)]=[0 0 0 0 0]"), and steady-

state values for the input are used (that is, [U ] = [Fdl. r, T, T, ]T ). This corresponds to starting the

converter. The figure shows that the output signals do not settle to their constant steady-state values.
Instead, they oscillate. The linearized state-space model derived in the previous chapter represents those
variations. A feedback controller is to be designed to drive those variations to zero.
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Figure 10.2: State feedback of the linearized model of the matrix converter

Two controller design techniques are considered for design of the controller. The controller produced
from either method will be implemented in the LTI model as shown in Fig. 10.2. The figure shows the
linearized state--space model of the converter. The outputs, which are also the states, are negatively fed
back through a constant gain matrix, [K], to the input. The controller matrix, [K], is chosen such that the
poles of the open-loop system (i.e., the eigenvalues of [4]) are placed in a specified location. The control
input, from Fig. 4.2, is now

P(r)} = —[K{;c(t)} . (10.1)

The state-space equations of the linearized state-space model of the matrix converter become the
following after substituting Eq. (10.1) into Eq. (9.114):

x| =(a)- 81k x| -
}(t){?c(r)} |

and the new closed-loop poles are the eigenvalues of ([A]-[B][K]), which are the roots of the
characteristic polynomial:

Pa(s)=sl1]-(4]-[B]K])=0. (103)
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10.2 Controller Design via Pole Placement

The state feedback method via pole placement is the most common in multivariable state-space controller
design [4, 5, 10, 27-28, 30-31, 33-36]. The task is finding a controller-gain matrix, K, such that the
eigenvalues of the closed-loop system, described by the characteristic polynomial of Eq. (10.3), are
chosen by the designer. Several methods for solving the problem are available. The pole assignment
technique described in [31] is used and also implemented in MATLAB.

10.2.1 Simulation Results of the Linear Model

For the example of Fig. 10.1, the parameters are
Input side:

Line frequency: 25 Hz
Line-to-line voltage: (9.6)(25) =240 V
Power factor: unity

Output side:

Line frequency: 60 Hz
Line-to-line voltage: 240 V
Line current: 20 A

Power factor: 0.95.

The filter inductances, resistances, and capacitance are, respectively: 0.2 mH, 2 mQ, and 10 pF. Solution
of the steady-state model (Egs. [9.102-9.106])yields the following:

V| [240.893932V]
I, 24.696001A
I, |=|-14.258243A
1, 19.997976A
|1, | |-22.362490A |
T, | [1.290642 ]
L. | |-0.752590
r, | | 1306628
T, | [-0.736697 |

The poles of the linearized state-space model are found to be

Poi, 2 =-5.000840 £ j22318.155276
Pois.4 =-9.999584 £+ j288.370143
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Pois =-9.999153.

The feedback-controller-gain matrix found by using the pole-placement technique depends on the location
where the poles should be placed. It is found, by testing several pole locations in all possibly operating
modes, that if the poles are closer to the imaginary axis, then the response oscillates. Moreover, placing
the poles too far from the imaginary axis yields a high input control. Based on that, a feedback controller-
gain matrix, [K], was chosen so that the poles of the closed-loop system are located at

P.;=-28000, P.p=-28001, P, 3=-5000, P.4=-5001, P.5=-5002.
Figure 10.3 shows the simulation results. The initial conditions of each state were set to be the steady-
state values:

|:x(0)} = [Vcap Idi Iqi [do Iqo ]T > (104)
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Figure 10.3: Simulation results of the closed-loop linearized state-space model of the
matrix converter when a pole-placement controller is used

which correspond to starting the matrix converter. Figure 10.3 shows those variations being driven to
zero in about 1.5 msec.
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10.2.2 Implementation of the Controller in the Nonlinear Model

The nonlinear model of the matrix converter was derived in the previous chapter. The model was
linearized by assuming that the nonlinear variables (states and input signals) are composed of nominal
values and some small perturbed values (variations). In the previous section of this report, a state-space
model of the perturbed variables was presented and a linear controller was designed to drive those
variations to zero. In this section, the results of the previous section are implemented in the nonlinear
model of the matrix converter. Figure 10.4 shows such an implementation [4, 5].

M [x(1)]

%[x(r}]= [PT' [ olxn]s [m 1]

Nonlinear equations of the matrix converter

[ur: ] I- i 1. I “
N i S O A R
+ é i o

Lingcar control problem

bkl r,orond ., kv 1. 1, 1. 1.]

Figure 10.4: Implementation of the linear controller
in the nonlinear model of the matrix converter

Figure 10.4 shows that by comparing the nonlinear output of the converter, [x(¢)] of Eq. (9.71), to a
reference that represents the converter steady-state (nominal) values, [X,./], the output is simply

Vo1 @] 7 e ®
Li| L@ | [ L] ||
-1, 0= L [+ o) || o |=| 10 |2 LxO (103)
MIECIE PR
e o] Fd e
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The problem now is a linear problem and the controller designed in the previous section is implemented.

A

The output of the controller represents the perturbed input signals, [u¢(¢)]. The nonlinear input signals to
the nonlinear model of the converter are now equal to

Ly 7:/ a(®) Z10;
[u@)]=[U]+ P(t)} _| e |7 O] _| 7a®) , (10.6)
Fdo 7/d0 (t) 7/110 (t)
F A
q0 _7/q0 (t)_ yqo (t)

and the control problem of the nonlinear model of the converter is solved.

10.3 Simulation Results

The following simulation results show the closed-loop response of the nonlinear model of the matrix
converter, with the controller designed in Section 10.2 implemented over various operating points. The
simulations assume that the capacitor voltage is zero. One can think of this as the worst case. If the
response is acceptable, which it is, the controller should be valid if the initial capacitor voltage does not
equal zero (e.g., switching from one capacitor to another) or when shifting from one operating point to
another (e.g., change in power demand or wind speed).

10.3.1 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
Unity Power Factor

Figure 10.5 shows the simulation results when the input side (e.g., generator) is operating at 240 V, unity
power factor with an input-line frequency of 25 Hz. The output side (e.g., utility) is operating at 240 V, 60
Hz with an output demand of 20 A at unity power factor. The figure shows the transient response to the
capacitor voltage, the dg input currents and the dg output current. Note how the output dg currents start to
proceed opposite to their nominal value before changing direction. An explanation to this is that at start
up, currents of both sides charge up the capacitor before output side draws current from the input side.
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Figure 10.5: Simulation results for the following operating point:
Input side: 240 V, 25 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, unity power factor
The first part is the capacitor voltage response, the second part is the input dgq currents
responses, and the third part is the output dq currents responses
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10.3.2 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
0.5 Power Factor

Figure 10.6 shows the simulation results when the input side (e.g., generator) is operating at 240 V, unity
power factor with an input line frequency of 25 Hz. The output side (e.g., utility) is operating at 240 V, 60
Hz with an output demand of 20 A at 0.5 power factor (i.e., 50% real power transfer). The figure shows
the transient response to the capacitor voltage, the dg input currents, and the dq output current. Note how
the output dq currents start to proceed opposite to their nominal value before changing direction. An
explanation to this is that at start up, currents of both sides charge up the capacitor before output side
draws current from the input side. Also, note the output d current settles to zeros. This is because it is
assumed that the line-to-line voltage is the reference voltage (i.e., zero phase angle), which means that the
line currents lag by 30°, as explained in Section 3.2. And with a 0.5 lagging-power factor (60° angle), the
nominal value of the d-component of the output current is zeros.
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Figure 10.6: Simulation results for the following operating point:
Input side: 240 V, 25 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, 0.5 power factor
The first part is the capacitor voltage response, the second part is the input dg currents
responses, and the third part is the output dq currents responses
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10.3.3 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
Unity Power Factor

Figure 10.7 shows the simulation results when the input side (e.g., generator) is operating at 240 V, unity
power factor with an input-line frequency of 13 Hz. The output side (e.g., utility) is operating at 240 V, 60
Hz with an output demand of 20 A at unity power factor. This operating point corresponds to the lowest
operating condition of the matrix converter under two-level modulation. The figure shows the transient
response to the capacitor voltage, the dg input currents, and the dgq output current. Note how the output dg
currents start to proceed opposite to their nominal value before changing direction. An explanation to this
is that at start up, currents of both sides charge up the capacitor before output side draws current from the
input side.
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Figure 10.7: Simulation results for the following operating point:
Input side: 240 V, 13 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, unity power factor
The first part is the capacitor voltage response, the second part is the input dgq currents
responses, and the third part is the output dq currents responses
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10.3.4 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
0.5 Power Factor

Figure 10.8 shows the simulation results when the input side (e.g., generator) is operating at 240 V, unity
power factor with an input line frequency of 13 Hz. The output side (e.g., utility) is operating at 240 V, 60
Hz with an output demand of 20 A at 0.5 power factor (i.e., 50% real power transfer). This operating
point is similar to that of Section 10.3.3 but with 50% real power demand. The figure shows the transient
response to the capacitor voltage, the dg input currents, and the dg output current. Note how the output dg
currents start to proceed opposite to their nominal value before changing direction. An explanation to this
is that, at start up, currents of both sides charge up the capacitor before output side draws current from the
input side. Also, note the output d current settles to zeros. This is because it is assumed that the line-to-
line voltage is the reference voltage (i.e., zero phase angle), which means that the line currents lag by 30°,
as explained in Section 9.2. And with a 0.5 lagging power factor (60° angle), the nominal value of the d-
component of the output current is zeros.
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Figure 10.8: Simulation results for the following operating point:
Input side: 240 V, 13 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, 0.5 power factor
The first part is the capacitor voltage response, the second part is the input dgq currents
responses, and the third part is the output dq currents responses
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10.4 The Relationship Between K and the Matrix Converter Parameters

The performance of the controller designed by the pole-placement method was shown in the previous
section to be very acceptable at a single operating point. However, whenever a reference parameter
changes (e.g., output current), the controller had to be recalculated to place the poles at the desired
location. Finding the controller-gain matrix online every time a parameter changes involves calculating a
large time-consuming code. An easier approach is to find a relationship between the controller-gain
matrix and the varying parameters. Appendix B shows a table of the elements of controller-gain matrix as
the matrix converter parameters change. The table shows that those elements are dependent only on the
input line frequency f; and the amplitude of the output line current /,,.

A plot of the first row of K (k;;, j = 1,5) as a function of the output current /,,, is shown for several input
line frequencies in Fig. 10.9. Other rows of K are shown in Appendix B. From the figure, it can be
concluded that no easy relationship can be found between the elements of K, the output current, and the
input line frequency. The figure also suggests that the elements are very sensitive to those variations,
making it harder to physically implement the controller designed by pole placement. Although the pole-
placement method discussed in [31] is fast in calculation, it is very sensitive to variations [47]. Another
controller design method had to be considered.

10.5 Linear Optimal Control

Optimal control is different than pole placement in finding a controller-gain matrix. In brief, a controller-
gain matrix, K, designed for a LTI state-space system (Eq. [9.114]) is defined as follows [4, 5, 35, 41-43]:
[K]=[R]"[B] [M,] (10.7)
where the matrix [M,] is the solution of the algebraic Riccati equation defined by
[o] =[] [m,]+[m, L4]-[m, [ BIR]"[B] [0, ]+ [O]. (10.8)

The matrix [R] is called the control cost matrix and the matrix [Q] is called the state weighting matrix.
Both matrices should be positive definite. For the linear time-invariant control design problem, [R] and
[Q] are chosen to minimize the infinite-time objective function:

J, ()= I{[;(I)T[Q{;c(r)} + P(T)T[R][;(T)DM . (10.9)

A T A
From Eq. (10.9), the term [x(r)} [Q][x(r)} is called the transient energy, and the term

A T A
{u(r)} [R][u(r)} is called the control energy.
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Unlike the pole-placement method, where the controller is calculated so that the poles are placed in a

specified location, an optimal controller is calculated in such a way that minimizes Eq.(10.9), given how
much control effort, [R], and state weight, [(Q], should be allotted.
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Figure 10.9: Plots of the first row of elements of the controller-gain matrix, K,
as a function of the input current amplitude for the pole-placement technique; results are given for
several input-line frequencies
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For the linear state-space model of the matrix converter, several values of the matrices [R] and [Q] were
tested over all possible operating modes. The values chosen to make the transient response and the error
minimal were

[0]= diag{0.0001 0.01 0.01 0.01 0.01} (10.10)

[R]=diag{3.0 3.0 3.0 3.0}. (10.11)

The algebraic Riccati equation (Eq. [10.8]) is then solved for [M,], and the result is substituted in Eq.
(10.7) to find the controller-gain matrix [K].

10.5.1 Simulation Results of the Linear Model

Using the same example of Section 10.2.1 but with the optimal controller implemented, Fig. 10.10 shows
the simulation results for the LTI model. The output variations are driven to zero faster than when the
pole-placement controller is used. It is crucial to have the capacitor voltage reach its nominal value
because a capacitor is utilized for a short time before switching to another capacitor. Hence, a fast
response will be better in charging the capacitor once utilized.

10.5.2 Implementation of the Optimum Controller in the Matrix Converter Nonlinear
Model
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Figure 10.10: Simulation results of the closed-loop linearized state-space model
of the matrix converter when an optimal controller is used
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The outcome of both the controller design using pole placement and the optimal controller design was a
controller-gain matrix. Hence, the implementation of the controller in the matrix converter nonlinear
model, discussed in Section 10.2.2, applies here as well.

10.6 Simulation Results

The following simulation results show the closed-loop response of the nonlinear model of the matrix
converter, with the linear optimal controller designed in Section 10.5 implemented over various operating
points. The simulations assume that the initial value of the capacitor voltage is zero. This can be
considered a worst-case response. If the response is acceptable, which it is, the controller should be valid
if the initial capacitor voltage does not equal zero (e.g., switching from one capacitor to another) or when
shifting from one operating point to another (e.g., change in power demand or wind speed).

10.6.1 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
Unity Power Factor

Figure 10.11 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input-,line frequency of 25 Hz. The output side (e.g., utility) is operating at
240 V, 60 Hz with an output demand of 20 A at unity power factor. The figure shows the transient
response to the capacitor voltage, the dg input currents, and the dg output current. Note how the output dg
currents start to proceed opposite to their nominal value before changing direction. An explanation to this
is that at start up, currents of both sides charge up the capacitor before output side draws current from the
input side. Comparing Fig. 10.11 to Fig. 10.5 shows that with the linear optimal controller, the response is
faster.
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Figure 10.11: Simulation results for the following operating point:
Input side: 240 V, 25 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, unity power factor
The first part is the capacitor voltage response, the second part is the input dq currents
responses, and the third part is the output dq currents responses
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10.6.2 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
0.5 Power Factor

Figure 10.12 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input-line frequency of 25 Hz. The output side (e.g., utility) is operating at
240 V, 60 Hz with an output demand of 20 A at 0.5 power factor (i.e., 50% real power transfer). The
figure shows the transient response to the capacitor voltage, the dg input currents, and the dg output
current. Note how the output dg currents start to proceed opposite to their nominal value before changing
direction. An explanation to this is that at start up, currents of both sides charge up the capacitor before
output side draws current from the input side. Also, note the output direct-axis current settles to zeros.
This is because it is assumed that the line-to-line voltage is the reference voltage (i.e., zero phase angle),
which means that the line currents lag by 30°, as explained in Section 9.2. And with a 0.5 lagging-power
factor (60° angle), the nominal value of the d-component of the output current is zeros. Comparing Fig.
10.12 to Fig. 10.6 shows that with the linear optimal controller, the response is faster.
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Figure 10.12: Simulation results for the following operating point:
Input side: 240 V, 25 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, 0.5 power factor
The first part is the capacitor voltage response, the second part is the input dq currents
responses, and the third part is the output dq currents responses
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10.6.3 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
Unity Power Factor

Figure 10.13 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input-line frequency of 13 Hz. The output side (e.g., utility) is operating at 240
V, 60 Hz with an output demand of 20 A at unity power factor. This operating point corresponds to the
lowest operating condition of the matrix converter under two-level modulation. The figure shows the
transient response to the capacitor voltage, the dg input currents, and the dg output current. Note how the
output dg currents start to proceed opposite to their nominal value before changing direction. An
explanation to this is that at start up, currents of both sides charge up the capacitor before output side
draws current from the input side. Comparing Fig. 10.13 to Fig. 10.7 shows that with the linear optimal
controller, the response is faster.
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Figure 10.13: Simulation results for the following operating point:
Input side: 240 V, 13 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, unity power factor
The first part is the capacitor voltage response, the second part is the input dgq currents
responses, and the third part is the output dq currents responses

182



10.6.4 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
0.5 Power Factor

Figure 10.14 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input-line frequency of 13 Hz. The output side (e.g., utility) is operating at 240
V, 60 Hz with an output demand of 20 A at 0.5 power factor (i.e., 50% real power transfer). This
operating point is similar to that of Section 10.6.8 but with 50% real power demand. The figure shows the
transient response to the capacitor voltage, the dg input currents, and the dg output current. Note how the
output dg currents start to proceed opposite to their nominal value before changing direction. An
explanation to this is that at start up, currents of both sides charge up the capacitor before output side
draws current from the input side. Also, note the output d current settles to zeros. This is because it is
assumed that the line-to-line voltage is the reference voltage (i.e., zero phase angle), which means that the
line currents lag by 30°, as explained in Section 9.2. And with a 0.5 lagging-power factor (60° angle), the
nominal value of the d-component of the output current is zeros. Comparing Fig. 10.14 to Fig. 10.8 shows
that with the linear optimal controller, the response settles faster.
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Figure 10.14: Simulation results for the following operating point:
Input side: 240 V, 13 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, 0.5 power factor
The first part is the capacitor voltage response, the second part is the input dq currents
responses, and the third part is the output dq currents responses
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10.7 The Relationship between the Optimal

Parameters

Controller and the Matrix-Converter

As investigated in Section 10.4, a relationship between the controller and the matrix-converter
parameters, if found, will save time in finding the elements of the controller-gain matrix. The controller
designed via pole placement was sensitive to the matrix-converter parameter variations. Moreover, no
relationship could be found between the elements of the controller-gain matrix and the matrix-converter
parameters, which turned out to be the input-line frequency f; and the output current amplitude 7,,. We
will make the same attempt to find the relationship between the optimal controller and the matrix

converter by varying parameters.

Appendix C shows a table of the elements of the optimal controller-gain matrix as the matrix-converter
parameters are varied. Like the pole-placement controller, the elements of the optimal controller-gain
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Figure 10.15: Plots of the first row of the optimal controller-gain
matrix as a function of the output current amplitude,
plotted for various input-line frequencies.

185

matrix depend only on the
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output current amplitude is smoother than that of the pole-placement controller. Because the output
current amplitude was assumed to be varied from, for example, 1 to 50 A and the input-line frequency
varies from 13 to 25 Hz, we can use interpolation techniques to represent ;s of the controller-gain matrix
as a function of f; and I,,. First, polynomial approximations are derived for k;'s as functions of 7,, at
different input-line frequencies. For a 3rd-degree polynomial approximation, only four points along the
curve are enough. The endpoints, /,, = 1 A and /,,, = 50 A, and two more points along the curve are
considered. For each element k;, four polynomial approximations are needed, corresponding to four
different line frequencies. Again, f; = 13Hz, f;= 25Hz and two more input-ine frequencies are considered.
Now we have four polynomials for each element as a function of the output current amplitude and
corresponding to four different line frequencies:

(k[/)_/y :p[/3ylsm +p[/2y13m +p4’j1y10m + Doy (i=1-4,j=1-5y=1-4). (10.12)

The term p;;,, corresponds to the x™ coefficient of the polynomial that interpolates k;; as a function of 7, at
an input-line frequency f,. Now, each coefficient of each polynomial has four different values
corresponding to the four different input line frequencies and can be approximated by a polynomial as a
function of the input-line frequency:

Djs = a.fi+a,fl +af, +a (10.13)
Pir =bsfo +b [+ b, + by (10.14)
Dy =c.fo+e,fr+ef, +c, (10.15)
Pjo=dsfo+dyfi +d [, +d,. (10.16)

Figure 10.16 shows the plot of the p;; . (x = 0-3) coefficients of k;; as a function of the input-line
frequency. The simulation results with the optimal controller implemented in Figs. 10.11 through 10.14
where executed using the controller approximation method discussed in this section. Hence, instead of
finding an optimal controller online whenever the output current (i.e., load demand) or input-line
frequency (i.e., wind speed) change, the new controller elements values can be calculated as follows: the
a's, b's, c¢/'s and d's (i = 0-3) that are calculated offline. So, by substituting the new input-line frequency
in Egs. (10.13-10.16) and then substituting the values of p; ,'s in Eq. (10.12) along with the new value of
1,,,, the new controller elements are set up.

The method used for polynomial approximation is a basic polynomial interpolation theory, involving the
Vandermonde matrix [37]. In brief, given n set of points (x;, y;) with i = I-n, that need to be interpolated
into an n-degree polynomial of the form

P(x)=ax"+a, x""+... +ax+a, (10.17)
such that
P(x)=y,. (10.18)
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Figure 10.16: Plots of the coefficients p;;, (x = 0-3) as a function of the input-line frequency

By substituting Eq. (10.18) into Eq. (10.17), we obtain a system of n equations and » unknowns:

n—1 n o__
ao + alxo +....... + an71x0 + anxo = yO

n—1 n o__
ao + alxn +nns + an_lxn + anxn = yn

which can be put in the form

[XTa]=[]
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[x]=[x/}] i, j=1,n (10.21)
[a]=[a, . . a] (10.22)
Dl=l - - »l. (10.23)

The matrix [X] in Eq. (10.21) is called the Vandermonde matrix. Equation (10.20) is a linear system of
equations and can be solved by various methods, such as Gaussian elimination or LU decomposition.

10.8 Simulation Results of the Matrix Converter with all Nine Capacitors Modeled

In this chapter, two controllers have been designed using two different methods. The optimal controller
design was preferred because the response of the closed-loop system settled faster than the pole-
placement controller design. Also, the elements of the optimal controller-gain matrix can be expressed as
functions of the parameters of the matrix converter. Simulation results were presented that demonstrated
the effectiveness of the optimal controller and the controller approximation.

The state-space model of the previous chapter was derived based on the fact that only one capacitor is
utilized during one switching period. It is next desired to model all nine capacitors in the simulation
program, to determine the effect of capacitor switching on the controller performance. The task is done by
adding the capacitor utilization scheme of Section 9.2.4 in the simulation. Instead of only one capacitor
current differential equation (Eq. [9.64]), there are now nine—one for each capacitor. Whenever a
capacitor is utilized, its corresponding differential equation is used on the model. The capacitor voltage
initial condition equals to the last value it attained when it was last utilized, or zero at the beginning of the
simulation. When another capacitor is being utilized, the capacitor voltage of the capacitor that will be
turned off is held and used as capacitor voltage initial condition when utilized again.

10.8.1 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
Unity Power Factor

Figure 10.17 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input line frequency of 25 Hz. The output side (e.g., utility) is operating at
240 V, 60 Hz with an output demand of 20 A at unity power factor. The figure shows the transient
response to the nine capacitor voltages, the dg input currents, and the dg output current.
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Figure 10.17: Simulation results for the following operating point:
Input side: 240 V, 25 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, unity power factor
The first nine parts are the capacitor voltages responses, the tenth part
is the input dq currents responses, and the last part is the output dq currents responses

189



10.8.2 Input Side: 25 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
0.5 Power Factor

Figure 10.18 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input line frequency of 25 Hz. The output side (e.g., utility) is operating at
240 V, 60 Hz with an output demand of 20 A at 0.5 power factor (i.e., 50% real power transfer). The
figure shows the transient response to the nine capacitor voltages, the dq input currents, and the dgq output
current.
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Figure 10.18: Simulation results for the following operating point:

Input side: 240 V, 25 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, 0.5 power factor

The first nine parts are the capacitor voltages responses, the tenth part is
the input dq currents responses, and the last part is the output dq currents responses
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10.8.3 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
Unity Power Factor

Figure 10.19 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input line frequency of 13 Hz. The output side (e.g., utility) is operating at
240 V, 60 Hz with an output demand of 20 A at unity power factor. This operating point corresponds to
the lowest operating condition of the matrix converter under two-level modulation. The figure shows the
transient response to the nine capacitor voltages, the dgq input currents, and the dgq output current.
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Figure 10.19: Simulation results for the following operating point:
Input side: 240 V, 13 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, unity power factor
The first nine parts are the capacitor voltages responses, the tenth part
is the input dq currents responses, and the last part is the output dq currents responses
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10.8.4 Input Side: 13 Hz, 240 V, Unity Power Factor; Output Side: 60 Hz, 240 V, 20 A,
0.5 Power Factor

Figure 10.20 shows the simulation results when the input side (e.g., generator) is operating at 240 V,
unity power factor with an input line frequency of 13 Hz. The output side (e.g., utility) is operating at
240 V, 60 Hz with an output demand of 20 A at 0.5 power factor (i.e., 50% real power transfer). This
operating point is similar to that of Section 10.8.7 but with 50% real power demand. The figure shows the
transient response to the nine capacitor voltages, the dgq input currents, and the dgq output current.
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Figure 10.20: Simulation results for the following operating point:
Input side: 240 V, 13 Hz, unity power factor
Output side: 240 V, 60 Hz, 20 A, 0.5 power factor
The first nine parts are the capacitor voltages responses, the tenth part
is the input dq currents responses, and the last part is the output dq currents responses
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11 Experimental Results: Closed-Loop Control

In this chapter, physical tests demonstrate and prove the validity of both the mathematical modeling and
feedback control of the matrix converter. Figure 11.1 shows an overall block diagram of the prototype of
the matrix converter described in Part I and implemented in our laboratory at the University of Colorado
[48]. The input side of the converter is fed by the utility (three-phase 240 V, 60 Hz source) that can be
adjusted by a variac. The output side is a three-phase resistive load. Experimental results will be based on
varying the output current, output frequency, and input voltage of the matrix converter. From the block
diagram, the laboratory setup of the matrix converter can be divided into two parts, a power stage and a
control stage.

11.1 Power Stage of the Matrix Converter Prototype

The power stage of the matrix converter prototype is composed of the nine H-bridge switch cells. Each
cell is constructed of four IGBT devices that include anti-parallel diodes and one DC bus capacitor.
Details of the converter construction are documented in Part I and will not be repeated here.

Input and output current and voltage signals are sensed by Hall-effect devices. Those signals are then
digitized by feeding them to ADCs and fed into a PowerPC microcontroller embedded into the Virtex II-
PRO FPGA . The voltages across the capacitors of the nine switch cells are measured by employing
differential amplifier circuits; they are then digitized by feeding them to the ADCs and fed to the
microcontroller. The output of the FPGA is fed into opto-isolated gate-driver circuits.
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Figure 11.1: Block diagram of the prototype matrix converter
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Figure 11.2: Block diagram of the VIRTEX II-PRO FPGA

The operation of the microcontroller is as follows:

1.

NS kW

Read input voltage and transform into rotating dg frame to locate the input space vector and
find the magnitude of the input voltage

Given output frequency, current, input and output power factors, find the steady-state solution
of the matrix converter

Generate output space vector and find its location

Read input and output currents, and transform them into stationary dg frame

Calculate duty cycles and determine the single capacitor

Read the voltage across the utilized capacitor then implement feedback control routine

In the feedback control routine (Fig. 10.4), the input and output dg currents and the utilized
capacitor voltage are compared to a reference value. The results (error signals) are multiplied
by the control-gain matrix. The output of the control matrix is the variation in the dg control,
which is added to the steady-state control to get new modulation indices and displacement
angles and, hence, new space vectors for both input and output.

Calculate new duty cycles and generate switching sequence

Send results (duty cycles, switching sequence, and utilized capacitor) to the logic control
devices

10. Go to step 1 for next switching period.
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The code was implemented in the microcontroller using PPC assembly language [46]. The data buffer
stores the utilized capacitor number, as well as the input and output space vectors for each subinterval.
The lookup table decodes input and output space vectors data for the current subinterval from the data
buffer. It then provides logic signals that command each switch cell. The PWM latches five sets of data
from the microcontroller that represent the number of clock ticks for the length of each subinterval. The
switch-cell control circuit provides suitable logic signals to the individual gate drivers based on their
inputs taken from the outputs of the lookup table.

Cross-conduction of the IGBTs during switching transitions would lead to shorting of the DC bus
voltages through the IGBTs. To avoid such incidents, the switching of the IGBTSs that were on previously
but will be turned off takes place first. Then, after some delay (200 nsec), the turn-on transitions are
triggered.

11.2 Steady-State Solution of the Matrix-Converter Prototype

The solution of the matrix-converter model in the laboratory is presented in Egs. (9.102-9.106) with the
following adjustments:

o The output line resistance R, is that of the filter inductance resistance (3 mQ) plus the output load
(10 Q). That resistance can be approximated to just the output load resistance because it is much
larger than the resistance of the filter inductance.

e Because the output side of the matrix converter is connected to a resistive load, which is set to be
the output line resistance, the output voltages (V,,, Vi, and V., in Fig 3.1) are set to zero as
shown in Fig. 11.1.

Examination of Egs. (9.102-9.106) reveals that the changes apply to Egs. (9.102) and (9.104). The results
are

33

Vido = TI”’" (cos(@ oo )RO - sin(@ oo )Loa)o) (11.2)

Vqu = %Ir)m (Sin(®p/b )Ro + COS(®pfo )Loa)o) (11.3)
¥, c08(0,,)- (7, cos(®,,)f ~12RR I,

I, = 2R (11.4)

V. = %(V 31, (cos(® , )R, —sin(0 , )L.0,)) (11.5)

Viw = —%Lm (sin(@m )R,. + cos(@)pﬁ )L,,a),,) (11.6)

Table 11.1 shows the steady-state solution of the prototype matrix converter for several operating points.
The capacitor voltage V,,, is set to the maximum of the voltages across the terminals plus 5 V.
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Table 11.1: Steady-State Solution for Various Operating Points

Input Input Input Capacitor Output Output
Voltage (V) Current Power Voltage (V) Current Frequency
(A) Factor (A) (Hz)
240 7.218 1 244.9643 10 30
240 14.4428 0.5 243.3307 10 30
50 8.6681 1 91.6050 5 60
50 17.3833 0.5 91.6050 5 60

11.3 Poles and Feedback Control of the Linear Model

The linearized state-space model of the prototype matrix converter can be found by inserting values of its
parameters in the equations of Section 9.5.3. However, the poles of the system are not quite the solution
of the characteristic equations of Section 9.6 (Egs. [9.122] and [9.123]) because of the fact that the input-
line resistance and the output-line resistance are not the same (that is: R; # R,) and because of the resistive
load. The characteristic equation is, after simplifications

2 2 2 2
p(s)=5s"+2 RAR, Nt o[ R +4R"2R"+R" M M, +o’ + s’
L L 2LCap

(R,?Ro +R’R ] R (M2 +2M?)+ R (M? +2M?) (Roa)f + R n )
+| 2 3 + > +2 N
L 2L Cap L
[R[Ro jz +(M0Ri)2 +2R1R0(Mi2 +M§)+(MIR0)2
. r 2Cap S (11.7)
2 2 2 2
+ (Raa)i) +2(Ria)a) + (Miwo) +(Mowi) +(0);0)(,)2
L 2LCap
+ Ro (MoRi )2 + Ri (MiRo )2 + Ro (Moa)i )2 + Ri (Mia)o )2
2L Cap 21’Cap
=0

Table E.1 in Appendix E shows a list of poles of the prototype converter at various operating points. Note
that because of the resistive load, the real part of the open-loop poles are much farther from the imaginary
axis than those discussed in Section 9.6. The effect of that will be discussed later.

The design of the feedback controller of the linear model is solely based on optimal controller design
discussed in Section 10.5. In Appendix E, Table E.2 shows the elements of the controller-gain matrix as
three chosen parameters (output line-current amplitude and frequency, and input line-voltage amplitude)
vary. The table shows that the elements of the controller-gain matrix depend on all three parameters,
unlike what was discussed in Chapter 10, where they depend on the output current and input-line
frequency (and, hence, the input-line voltage). However, the dependency of those elements on the output-
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line frequency is minor compared to their dependency on input-line voltage and the output-line current.
Therefore, that dependency will be neglected.

The procedure of finding the relationship between the elements of the controller-gain matrix and the
varying parameters is used. The only difference is that, instead of using the input-line frequency (Section
10.7), the input-line voltage is used. The results are summarized in Table E.3 of Appendix E.

11.4 Comments on Response Latency

In Chapter 10, it was shown that the closed-loop response of the non-linear model of the matrix converter
has a very short time constant. That is, a high switching frequency is necessary in order to achieve this
fast response. The matrix-converter model in the laboratory operates at a switching frequency of 20 kHz.
Moreover, the control code, programmed in PPC assembler, was observed to exhibit a latency
approaching 100 usec so that it updates the control (sends duty cycles to CPLDs) every other switching
period (10 kHz). SIMULINK simulation experiments, when the step size is set to 100 psec, predict
instability. This can also be seen from the open-loop poles (the solution of Eq. [11.7] for several operating
points) in Table E.1. Because of the increase in the output-line resistance, the poles are already far from
the imaginary axis (recall from Section 9.6 that the real part of the open-loop poles depends almost
linearly on R/L factor). All modes of the closed-loop response must be sufficiently slower than the
controller latency time; otherwise the optimal control technique is unable to find a stable controller.

To enable control with a 100-usec latency time, the output filter inductors have been replaced with larger
8-mH laminated inductors. This reduced the R/L natural frequencies so that the open-loop poles will move
closer to the imaginary axis. The response time constant would be longer that will make the settling time
at least several switching periods.

Table F.1 in Appendix F shows the open-loop poles of the matrix converter model calculated for several
operating points. Note how the real part of the open-loop poles is now closer to the imaginary axis. Table
11.2 shows those poles taken from both Table E.1 and Table F.1 for several operating points.

Table 11.2: Open-Loop Poles of the Matrix Converter when L,= 0.2 mH,
Compared to the Open-Loop Poles when L,= 8mH

Operating point Open-loop poles
Vim(V) | Iim(A) | fo(HZ) | lom(A) | Lo=0.2 mH (Table E.1) | L,=8 mH (Table F1)
-475.55 + j14403 -11.267 + j14319
35.0 0.5 20.0 1.0 -15.685 -15.694
-49081, -49983 -1245.9 + j125.25
-304.02 + j14767 -9.857 + j14710
45.0 0.39 | 40.0 1.0 -15.411 -15.416
-49548, -49859 -1247.4 + j250.89
-2527.7 £ j10044 -45.971 £ j9730.7
55.0 7.96 | 60.0 5.0 -21.991 -22.09
-44984, -49969 -1208 + j364.11

Table F.2 shows how the elements of the controller-gain matrix vary at different operating conditions
(similar to Table E.2). The coefficients that define the elements of the controller-gain matrix, as functions
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of the amplitude of the output line currents and the amplitude of the input line voltages, is shown in Table
F.3.

11.5 Implementation of the Control Code

The code used to implement the feedback control of the matrix converter model is shown in Appendix G.
The following steps for the implementation are highlighted in the code:

1. Read the input line-to-line voltages v,5(¢) and vpc(f). Transform into the rotating of frame, find
the amplitude and the location of the input space vector as follows:

v, = vAB(t) =V, cos(a)it) (11.8)
v, = \o (t);"/gszc(t) -V, sin(a),.t) (11.9)
Vi =V +V5 (11.10)
H
ot = arctan| — |. (11.11)
va

2. Find the steady-state solution: Given the output current amplitude 7,,,, output frequency f,, output
power factor pf,, input power factor pf;, and input voltage amplitude V;,, the steady-statesolution
is presented by Egs. (11.2-11.6). The amplitude of the voltages across the matrix converter
terminals is (for x =i, 0):

Vo =V Vi (11.12)

The displacement angle between the input-line voltages and the matrix converter's input
terminals, as well as the displacement angle between the output-line voltages and the matrix-
converter's output terminals is (for x = i, 0)

v
0, = arctan{ﬂ]. (11.13)

Tdx

The capacitor voltage, input/output modulation indices, the input/output dg control |_Fdx r qu,

and the input reference vector ([.X] in Eq. [10.5]) are then calculated. Finally, the location of the
input-voltage space vector v; ,(?) is calculated by finding the angle ¢ and the sector.

3. Generate an output space vector based on the output-line frequency. The location of that vector
(a)ot) is then added to the output displacement angle ®, to find the angle ¢, and the sector where

1t resides.

4. Read actual input- and output-line currents and transform into stationary dg frame. The actual
amplitudes and power factors are then calculated. For the input side:
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10.

11.

i =; (11.14)

=l (11.15)

sl

MOENAGESMOR (11.17)

Similar calculations are applied to the output side.

Calculate the duty cycles (d; , di , dy; , d» , du, and d, ,). Based on that, determine the utilized
capacitor and read its actual voltage.

Compare the actual values of the input/output currents and utilized capacitor voltage to their
corresponding reference values. The result (error signal) is fed to the controller-gain matrix.

Find the output of the controller-gain matrix from multiplying the controller-gain matrix by the
error signal found in step 6. The result is the wvariation in the dg control

[;,{ ) 7 ) ;,1 ) 7 (,)}. That control is added to its steady-state counterpart found in step 2 to
get the time-dependent control [}/dl. @) 7,0 76® 7, (t)J.

From the input time-dependent control, find the new input modulation index and displacement
angle. Then find the new location of the input space vector by finding the angle ¢ and the sector
where it resides. Finally, calculate the new input-side duty cycles. Check if they are valid by
determining if dj is less than 1; if invalid, then the angle ¢ is kept as it is and the modulation
index is varied such that dj is at its minimum.

Repeat step 8 for the output side.

Generate the switching sequence based on the duty cycles in step 9 and send the output to the
CPLDs (Fig. 11.2)

Go to step 1 to compute the control for the next time step.

11.6 Measured Results

The feedback control designed for the matrix-converter prototype in the laboratory was tested with two
types of variations or disturbances: output current variations and output frequency variations. The main
assembly code was modified to simulate the change. For example, the converter is commanded to run for
several seconds (e.g., 15 seconds) at one operating condition, e.g., 30-Hz output-line frequency. Then, the
code changes that frequency to a different value (e.g., 60 Hz). After 15 seconds, the code changes the
frequency back and so on.
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For all results, the input line-to-line voltage was approximately 30 V RMS, the input frequency was 60
Hz, and both input and output power factors were 0.99. Moreover, the controller-gain matrix was chosen
to be a constant matrix to avoid more delays in the calculations. The controller-gain matrix implemented
is:

12001 0 0
111 1 <200 0

[ ]:@ 10 0 1 -1f
10 0 -11

(11.18)

The value of the controller-gain matrix implemented [K] is found using the optimal controller design
discussed in Sec. 10.5. It is represented in the form of Eq. (11.18) to easily implement in the PPC
assembler. The zero values in Eq. (11.18) are very small compared to the other nonzero elements and can
be neglected.

11.6.1 Experimental Results: Output Current Varies from 1 A to 0.5 A

Figure 11.3 shows response of the voltage across one capacitor, one output-line current, and one output

Tek  Stopped 1 Acas - 24 Jul 05 15:26:42

. .‘
Mear (03] 50 7oy RS {C2) 12.00¥

RS04 ) 4 P Jemy i MWeanG4) -26. Y ¢ R e |
Cha s0.0Y FA 100rn: 250854 40 0usdt 1.04ms
Cha 20.0% Che 10.0rm¥ &2 A Lire » 158 ¥

Figure 11.3: Experimental results of the matrix converter prototype when the output-line
current changes from 1 A to 0.5 A amplitude:
Top trace: capacitor voltage
Middle trace: output current
Bottom trace: output line-to-line voltage
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line-to-line voltage (across the converter's output terminals) of the matrix converter when the output
current makes a step change from 1 A to 0.5 A amplitude. The capacitor voltage is at about 50 V, which
equals to the steady-state input terminal voltage of the matrix converter plus about 5 V. The output
current amplitude changes to 0.5 A without any unusual interruptions or unwanted transients.

11.6.2 Experimental Results: Output-Line Frequency Varies from 30 Hz to 60 Hz

Figure 11.4 shows the response of the voltage across one capacitor, one output-line current, and one
output line-to-line voltage (across the converter's output terminals) of the matrix converter when the
output-line frequency changes from 30 Hz to 60 Hz. The output current amplitude is set to about 0.75 A.
The average capacitor voltage is at about 40 V, which equals to the steady-state input terminal voltage of
the matrix converter. Note how the output-line frequency changes to 60 Hz without any unusual
interruptions or unwanted transients in the output current and voltage responses.
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Figure 11.4: Experimental results of the matrix-converter prototype when the
output-line frequency changes from 30 Hz to 60 Hz:
Top trace: capacitor voltage
Middle trace: output current
Bottom trace: output line-to-line voltage
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12 Conclusions to Part |l

12.1 Summary of Part I

The new modular matrix converter is a valuable tool to transfer power from a variable-speed wind power
system to the utility system. With each capacitor being embedded in each switch cell, the stress on the
power semi-conducting devices is lessened. Moreover, by using space-vector control, the matrix
converter links the two systems to transfer power, while maintaining the capacitor voltages of the switch
cells at the desired level. However, current feedback control plays a crucial part in assuring maximum
power transfer at highest efficiency possible while maintaining desired capacitor voltage levels.

A strategy to model and then to control the currents and the capacitor voltages of the novel modular
matrix converter is presented in this part of the report. The differential equations derived to describe the
variables to be controlled (input/output currents and capacitor voltages) show how the matrix-converter
parameters interact. The nonlinearity in the four-input five-output state-space model derived from those
differential equations led to manipulating it and separating it into a nominal (steady-state) model and a
small-signal linear model. The steady-state model describes how the converter operated under steady-
state conditions, with no variations. Given the known operating conditions (input/output voltages, output
current, and input/output power factors), the solution of the steady-state model shows what the input
current and the utilized capacitor voltage should be at the operating point of maximum power transfer.
Also, it is illustrated that the elements of the linear time-invariant state-space model are dependent on the
solution of the steady-state model.

The state variables (input/output currents and capacitor voltage) in the linearized state-space model
represent the variations in their corresponding state variables in the nonlinear model. The controller
attempts to drive these variations to zero so that the outputs of the nonlinear model, which are the state
variables, follow the desired steady-state values. Hence, design of such a feedback controller requires an
investigation of the linearized state-space model. This model is developed in Chapter 9. The stability of
the open-loop linearized state-space model is an essential requirement for feedback controller design. So,
the model was tested for stability under all possible operating conditions. The poles of the model, which
are the roots of the characteristic polynomial, were shown to be stable. In fact, the real parts of those
poles, which determine the stability of the open-loop system, were dependent almost linearly on the
input/output filter inductances and resistances.

The decision on which controller design method to choose was based on how the controller gains vary as
the operating point of the matrix converter varies. Those variables that are most likely to vary are wind
speed (i.e., the input-line voltages and frequency), output power demand (i.e., output current and power
factor), and the capacitor voltages when switching between switch cells. The pole-placement method was
investigated first because of its simplicity in finding a controller-gain matrix by placing the open-loop
poles at a desired location. However, when checking how the elements of the controller-gain matrix
change as the variables discussed change, the pole-placement controller was found to be sensitive and no
simple relationship could be found, although those elements depend only on the input-line frequency and
output-current amplitude. That turned the attention toward optimal control. The optimal-controller
technique was found to be superior to the pole-placement controller. The settling times, when an optimal
controller is implemented, were much faster. It is important that capacitor voltages exhibit short settling
times. Although only one capacitor is utilized in each switching period, utilization of the nine capacitors
varies as the space vectors rotate, with the period of utilization of each capacitor being dependent on the

206



locations of the input/output reference voltage space vectors. Therefore, if there is a difference in voltage
between two capacitors when switching from one to the next, that difference has to be minimized with
short settling time.

The relationships between the controller gains and the matrix-converter parameters were much clearer in
the optimal controller method than that in the pole-placement method. The elements of the optimal
controller-gain matrix, like those of the pole-placement controller, depend only on the input-line
frequency and the output-current amplitude. However, those relationships were found to be more
straightforward and could be very accurately approximated by a 3rd-degree polynomial. The simulation
results of the closed-loop overall model with an optimal feedback controller implemented prove the
validity of this approach.

The next step was to investigate the response of all nine capacitors. The assumption was that all
capacitors are discharged (i.e., capacitor voltages are zero) and the simulation time is enough to have all
nine capacitors utilized. Switching of the capacitors was implemented in the simulations. Indeed, the
capacitor voltages reach their nominal values very fast while the transient responses of the currents, as a
result of capacitor switching, were minimal.

The novel modular matrix converter was designed to be universal and so is this controller design strategy.
That is, the matrix converter was developed to transfer power between any two systems regardless of the
output power demand or the input power factor. The same applies when modeling the converter to design
a state feedback controller to control its capacitor voltages and currents; the nonlinear state-space model
is valid, as well as its steady-state and linearized state-space models. The optimal controller must be
recalculated for various operating points, and the relationships between the controller and the operating
point parameters can be approximated.

Simulation results clearly show that a feedback controller plays an important part in charging the
capacitors to their nominal value, as well as transferring power from the input side to the output side.
Also, the controller is important when switching from one operating condition to another; a change in
wind speed and, hence, change in the input-line frequency and input-line voltages or change in output
power demands expressed by the output currents and output power factor.

Experimental results verify the modeling and control of the matrix converter. Although the matrix
converter prototype in the laboratory was set up differently than what was discussed in this report (input
side is connected to the utility and the output side is connected to a resistive load), the modeling and
control schemes are still valid. It was shown that the elements of the optimal controller-gain matrix of the
prototype matrix converter depend on variables different than what was discussed in Chapter 10.
Nonetheless, the strategy of designing a controller-gain matrix that varies as the matrix-converter
parameters vary is still valid, and an operating controller was demonstrated.

The matrix-converter prototype in the laboratory operates with natural time constants that are comparable
to the response time of the open-loop controller system. Hence, a stable controller design could not be
found. That led to one of the following options: either increase the controller clock frequency or increase
the converter reactive element values. The second option was used. The implementation was simply to
connect larger filter inductors in one side of the matrix converter. The resulting laminated inductors are a
practical and low-cost solution. Experimental results for multiple operating conditions were presented that
prove the validity of the two main points of this dissertation: the validity of the matrix-converter model
(i.e., differential equations derivation, linearization, ... etc.) and the validity of the feedback control
strategy implemented (i.e., defining controller-gain matrix whose elements vary as certain parameters of
the matrix converter vary).
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APPENDIX A

BRANCH CONNECTIONS

The following table lists all 81 valid branch connections that satisfy the constraints described in Section
2.1.2. The left-most columns show the numbers of possible branches that can be connected to each of the
input phases. The sum of connected branches is always equal to five. The right-most column shows
graphical configurations of all five connected branches.

Table A.1: 81 valid branch connections for a multilevel matrix converter

Num of branch connected to
Phase A | Phase B | Phase C Branch Connections
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APPENDIX B

BRANCH CONNECTIONS

The following tables list all valid switching device combinations of the multilevel matrix converter with
the basic configuration. The switching device combinations are sorted by their corresponding space
vectors at the input and output sides; each combination of the input and output vectors is grouped into a
table. Each entry within a table constitutes a valid switching device combination. The corresponding
switch cell states are listed in the nine columns on the left side of the tables. The states of each switch cell
are denoted by 2-bit data, which can represent all four states. The 2-bit data and their corresponding
switch cell states are defined as following:

“00”  denotes an open-circuited state

“01”  denotes a state having capacitor voltage across the switch cell terminals, with positive
polarity connected to an input phase

“10”  denotes a state having capacitor voltage across the switch cell terminals, with positive
polarity connected to an output phase

“11”  denotes a short-circuited state

The nine columns on the right side of the tables list the corresponding currents flowing through the
respective capacitors of the switch cells. These currents are expressed in terms of the input- and output-
phase currents. The input currents are assumed to flow into the converter, while the output currents are
assumed to flow out of the converter.

In each table, the entries are further sorted by the number of capacitors that experience nonzero currents.

The single-capacitor switching combinations are listed first in each table. The less-desirable multiple-
capacitor combinations are listed later.
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Table B.1: Switching device combinations for (Vap,Vec,Veoa) = (0,0,0)

and (‘/aba‘/bca‘/ca) = (‘/;ap’07_‘/cap)~

States of switch cell

Current through capacitor

Saa Sab Sac Spa Spo Spe Sca Scb Scc| Caa Cab Cac Cpa Cpb Cge Cca Cob Cec
employ single capacitor
10 11 11 00 11 00 00 11 00 -Ia 0 0 0 0 0 0 0 0
10 11 11 00 11 00 00 00 11 -la 0 0 0 0 0 0 0 0
10 11 11 00 00 11 00 11 00 -la 0 0 0 0 0 0 0 0
10 11 11 00 00 11 00 00 11 -Ia 0 0 0 0 0 0 0 0
10 11 00 00 11 00 00 11 11 -la 0 0 0 0 0 0 0 0
10 00 11 00 11 00 00 11 11 -la 0 0 0 0 0 0 0 0
10 11 00 00 00 11 00 11 11 -la 0 0 0 0 0 0 0 0
10 00 11 00 00 11 00 11 11 -la 0 0 0 0 0 0 0 0
10 11 00 00 11 11 00 11 00 -la 0 0 0 0 0 0 0 0
10 00 11 00 11 11 00 11 00 -la 0 0 0 0 0 0 0 0
10 11 00 00 11 11 00 00 11 -la 0 0 0 0 0 0 0 0
10 00 11 00 11 11 00 00 11 -la 0 0 0 0 0 0 0 0
00 11 00 10 1100 00 11 11 0 0 0 -la 0 0 0 0 0
o0 11 00 10 00 11 00 11 11 0 0 0 -la 0 0 0 0 0
00 00 11 10 11 00 00 11 11 0 0 0 -la 0 0 0 0 0
00 00 11 10 00 11 00 11 11 0 0 0 -la 0 0 0 0 0
00 11 00 10 11 11 00 11 00 0 0 0 -la 0 0 0 0 0
00 00 11 10 11 11 00 11 00 0 0 0 -la 0 0 0 0 0
00 11 00 10 11 11 00 00 11 0 0 0 -la 0 0 0 0 0
00 00 11 10 11 11 00 00 11 0 0 0 -la 0 0 0 0 0
00 11 11 10 11 00 00 11 00 0 0 0 -la 0 0 0 0 0
00 11 11 10 00 11 00 11 00 0 0 0 -Ia 0 0 0 0 0
00 11 11 10 11 00 00 00 11 0 0 0 -la 0 0 0 0 0
00 11 11 10 00 11 00 00 11 0 0 0 -la 0 0 0 0 0
o0 11 00 00 11 00 10 11 11 0 0 0 0 0 0 -la 0 0
00 11 00 00 00 11 10 11 11 0 0 0 0 0 0 -la 0 0
00 00 11 00 11 00 10 11 11 0 0 0 0 0 0 -la 0 0
00 00 11 00 00 11 10 11 11 0 0 0 0 0 0 -la 0 0
00 11 00 00 11 11 10 11 00 0 0 0 0 0 0 -la 0 0
00 11 00 00 11 11 10 00 11 0 0 0 0 0 0 -la 0 0
00 00 11 00 11 11 10 11 00 0 0 0 0 0 0 -la 0 0
00 00 11 00 11 11 10 00 11 0 0 0 0 0 0 -la 0 0
00 11 11 00 11 00 10 11 00 0 0 0 0 0 0 -la 0 0
00 11 11 00 11 00 10 00 11 0 0 0 0 0 0 -la 0 0
00 11 11 00 00 11 10 11 00 0 0 0 0 0 0 -la 0 0
00 11 11 00 00 11 10 00 11 0 0 0 0 0 0 -la 0 0
employ two capacitors
10 00 00 10 11 00 00 11 11 -IA 0 0 IA-Ia 0 0 0 0 0
10 00 00 10 00 11 00 11 11 -IA 0 0 IA-Ia 0 0 0 0 0
10 11 11 10 00 00 00 11 00 [IB-Ia 0 0 -IB 0 0 0 0 0
10 11 11 10 00 00 00 00 11 |IB-la 0 0 -IB 0 0 0 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa Spb Spe Sca Scb Sce| Caa Cap Cac Cpa Cppr Ce Cca Cob Cec
10 11 00 10 00 00 00 11 11 |[IB-la O 0 -IB 0 0 0 0 0
10 00 11 10 00 00 00 11 11 |[IBJa O 0 -IB 0 0 0 0 0
10 00 00 10 11 11 00 11 00 | -IA 0 0 ITAJa O 0 0 0 0
10 00 00 10 11 11 00 00 11 | -IA 0 0 IAJa O 0 0 0 0
10 11 00 10 00 11 00 11 00 [IB+Ib O 0 Ic-1B 0 0 0 0 0
10 00 11 10 11 00 00 11 00 |Ic-IA O 0 IA+Ib 0 0 0 0 0
10 11 00 10 00 11 00 00 11 |[Ib-IA O 0 IA+lc O 0 0 0 0
10 00 11 10 11 00 00 00 11 |[IB+lc O 0 Ib-IB 0 0 0 0 0
10 00 00 O00 11 00 10 11 11 | -IA 0 0 0 0 0 IA-la 0 0
10 00 00 00 O00 11 10 11 11 | -IA 0 0 0 0 0 IA-Ia 0 0
10 00 00 00 11 11 10 11 00 | -IA 0 0 0 0 0 IA-la 0 0
10 00 00 O00 11 11 10 00 11 | -IA 0 0 0 0 0 IA-la 0 0
0 11 11 00 11 00 10 00 00 |[ICIa O 0 0 0 0 -IC 0 0
10 11 11 00 00 11 10 00 00 |[ICIa O 0 0 0 0 -IC 0 0
10 00 11 00 11 00 10 11 00 |Ic-IA O 0 0 0 0 IA+Ib O 0
10 11 00 00 11 00 10 00 11 [IC+Ib O 0 0 0 0 Ic-IC 0 0
10 00 11 00 O00 11 10 11 00 [IC+lc O 0 0 0 0 Ib-IC 0 0
10 11 00 00 00 11 10 00 11 |[Ib-IA O 0 0 0 0 IA+Ic O 0
100 11 00 00 11 11 10 00 00 |[ICIa O 0 0 0 0 -IC 0 0
10 00 11 00 11 11 10 00 00 |[ICIa O 0 0 0 0 -IC 0 0
11 01 o01 11 00 00 11 00 00 0 Ib Ic 0 0 0 0 0 0
11 01 o00 11 00 O 11 00 00 0 Ib 0 0 0 Ic 0 0 0
11 01 00 11 00 Ol 00 00 Ol 0 Ib 0 0 Ic-IC 0 0 IC
1 01 00 11 00 00 11 00 O1 0 Ib 0 0 0 0 0 Ic
11 00 oO01 11 01 00 11 00 00 0 0 Ic 0 Ib 0 0 0 0
11 00 O01 11 00 00 11 0Ol 00 0 0 Ic 0 0 0 0 Ib 0
00 11 00 10 o00 00 10 11 11 0 0 0 -IB 0 0 IBla 0 0
00 00 11 10 00 00 10 11 11 0 0 0 -IB 0 0 IB-la 0 0
00 11 00 10 11 00 10 00 11 0 0 0 IC+b 0 0 Ic-IC 0 0
00 11 00 10 00 11 10 11 00 0 0 0 Ic-IB 0 0 IB+Ib 0 0
00 00 11 10 11 00 10 00 11 0 0 0 Ib-IB 0 0 IB+lc O 0
00 00 I 10 o00 11 10 11 00 0 0 0 IC+lc O 0 Ib-IC 0 0
00 11 11 10 00 00 10 11 00 0 0 0 -IB 0 0 IBla 0 0
00 11 11 10 00 00 10 00 11 0 0 0 -IB 0 0 IB-la 0 0
00 11 00 10 11 11 10 00 00 0 0 0 ICla 0 0 -IC 0 0
00 o0 11 10 11 11 10 00 00 0 0 0 ICla 0 0 -IC 0 0
00 11 11 10 11 00 10 00 00 0 0 0 IC-la 0 0 -IC 0 0
00 11 11 10 00 11 10 00 00 0 0 0 ICla 0 0 -IC 0 0
1 00 ©00 11 01 00 11 00 O1 0 0 0 0 Ib 0 0 0 Ic
11 00 o00 11 01 01 11 00 00 0 0 0 0 Ib Ic 0 0 0
11 00 00 11 00 Ol 11 0l 00 0 0 0 0 0 Ic 0 Ib
1 00 00 11 00 00 11 01 01 0 0 0 0 0 0 0 Ib Ic

employ three capacitors
10 00 00 10 00 00 10 11 11 -1A 0 0 -IB 0 0 -laIC 0 0
10 00 00 10 11 00 10 00 11 -IA 0 0 Ib-1B 0 0 Ic-IC 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa Spb Spe Sca Scb Sce| Caa Cap Cac Cpa Cppr Ce Cca Cob Cec
10 00 00 10 00 11 10 11 00 | -IA 0 0 Ic-1B 0 0 Ib-IC 0 0
10 11 11 10 00 00 10 00 00 |-laJA O 0 -IB 0 0 -IC 0 0
10 00 11 10 00 00 10 11 00 |Ic-IA O 0 -IB 0 0 Ib-IC 0 0
10 11 00 10 00 00 10 00 11 |Ib-IA O 0 -IB 0 0 Ic-IC 0 0
10 00 00 10 11 11 10 00 00 | -IA 0 0 -laIB 0 0 -IC 0 0
10 11 00 10 00 11 10 00 00 |[Ib-IA O 0 Ic-1B 0 0 -IC 0 0
10 00 11 10 11 00 10 00 00 |IcIA O 0 Ib-IB 0 0 -IC 0 0
11 01 0 00 01 00 11 00 00 0 Ib-IB Ic 0 1B 0 0 0 0
00 01 O 11 01 00 11 00 00 0 IAIc Ic 0 -lalA 0 0 0 0
11 01 01 00 00 O 11 00 00 0 Ib Ic-IB 0 IB 0 0 0
00 01 O 11 00 01 11 00 00 0 b IAIb O 0 -lalA 0 0 0
1 01 o1 11 00 00 00 Ol 00 0 IbIC Ic 0 0 0 0 IC 0
00 01 O 11 00 00 11 01 00 0 IAIc Ic 0 0 0 0 -laIA O
11 01 o0 11 00 00 00 00 Ol 0 Ib IcIC 0 0 0 0 0 1C
00 01 01 11 00 00 11 00 01 0 Ib IAIb O 0 0 0 0 -la-IA
00 01 00 11 01 01 11 00 00 0 IA 0 0 IbIA Ic 0 0 0
11 01 00 00 01 O 11 00 00 0 -laIB 0 0 IB-Ic Ic 0 0 0
00 01 00 11 01 00 11 00 O1 0 1A 0 0 IbIA 0 0 0 Ic
11 01 00 00 01 00 11 00 O1 0 Ib-IB 0 0 1B 0 0 Ic
00 01 00 11 00 01 11 01 00 0 1A 0 0 0 Ic 0 IbIA 0
11 01 00 11 00 01 00 Ol 00 0 Ib-IC 0 0 0 Ic 0 IC 0
11 01 00 00 00 O 11 00 O1 0 Ib 0 0 0 IB 0 0 Ic-IB
00 01 00 11 00 00 11 01 01 0 1A 0 0 0 0 0 IbIA Ic
1 01 00 11 00 00 00 Ol Ol 0 -laIC 0 0 0 0 0 IC-Ic  Ic
00 00 O 11 01 01 11 00 00 0 0 IA 0 Ib Ic-IA 0 0 0
11 00 01 00 01 o0l 11 00 00 0 0 -laIB 0 Ib IB-Ib 0 0 0
1 00 o01 00 Ol 00 11 01 00 0 0 Ic 0 1B 0 0 Ib-IB 0
11 00 o01 11 01 00 00 Ol 00 0 0 Ic 0 Ib-IC 0 0 IC 0
00 00 Ol 11 01 00 11 00 Ol 0 0 IA 0 Ib 0 0 Ic-1A
11 00 01 11 01 00 00 00 O1 0 0 Ic-IC 0 Ib 0 0 1C
00 00 O 11 00 01 11 01 00 0 0 IA 0 0 Ic-1A 0 Ib 0
11 00 01 00 00 O 11 0l 00 0 0 Ic-1B 0 0 1B 0 Ib 0
00 00 O 11 00 00 11 01 01 0 0 IA 0 0 0 0 Ib Ic-IA
11 00 01 11 00 00 00 O1 01 0 0 -laIC 0 0 0 Ib IC-Ib
11 00 00 00 01 oO1 11 0l 00 0 0 0 0 IB-Ic Ic 0 -laIB 0
1 00 o00 11 01 01 00 01 00 0 0 0 0 IbIC Ic 0 IC 0
11 00 00 00 01 O 11 00 O1 0 0 0 0 Ib IB-Ib 0 0 -la-IB
11 00 00 11 01 01 00 00 Ol 0 0 0 0 Ib Ic-IC 0 0 IC
1 00 00 O00 O01 00 11 01 oO1 0 0 0 0 1B 0 0 Ib-IB Ic
11 00 o00 11 01 00 00 O1 oO1 0 0 0 0 -laIC 0 0 IC-Ic  Ic
11 00 00 00 00 Ol 11 01 ol 0 0 0 0 0 1B 0 Ib Ic-IB
11 00 00 11 00 01 00 01 01 0 0 0 0 0 -la-1C 0 Ib IC-Ib

employ four capacitors
1101 0 00 01 00 00 Ol 00 0 IA+Ib Ic 0 1B 0 0 IC 0
00 01 o1 00 01 00 11 01 00 0 IA-Ic Ic 0 1B 0 0 IC-Ia 0
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States of switch cell

Current through capacitor

Saa Sab Sac SBa SBb SBe Sca Scb Sce| Caa Cab Cac Cba Cy Cpe Cca Ceb Coc
00 01 01 11 01 00 00 01 00 0 TIA-Ic Ic 0 IB-Ia 0 0 1C 0
11 01 01 00 01 00 00 00 oO1 0 Ib-IB  Ic-IC 0 1B 0 0 IC
00 01 01 00 01 00 11 00 01 0 Ib-IB -Ib-IC 0 1B 0 0 IC-Ia
00 01 o1 11 01 00 00 00 O1 0 -Ic-IB  Ic-IC 0 IB-Ia 0 0 IC
11 01 01 00 00 O1 00 01 00 0 Ib-IC Ic-IB 0 0 1B 0 1C
00 01 01 00 00 01 11 01 00 0 -Ic-IC  Ic-IB 0 0 1B 0 IC-Ia
00 01 01 11 00 01 00 01 00 0 Ib-IC -Ib-IB 0 0 IB-Ia 0 1C
11 01 01 00 00 01 00 00 o1 0 Ib  Ic+IA 0 0 1B 0 0 IC
00 01 01 00 00 O1 11 00 01 0 Ib TIA-Ib 0 0 1B 0 0 IC-Ia
00 01 01 11 00 01 00 00 01 0 Ib IA-Ib 0 0 IB-Ia 0 0 IC
00 01 00 00 01 01 11 01 00 0 1A 0 0 IB-Ic Ic 0 IC-Ia 0
00 01 00 11 01 01 00 01 00 0 1A 0 0 Ib+IB Ic 0 1C 0
11 01 00 00 01 01 00 01 00 0 TIA-Ia 0 0 1B-Ic Ic 0 1C 0
00 01 00 00 01 01 11 00 01 0 1A 0 0 Ib-IA -Ib-IC 0 0 IC-Ia
00 01 00 11 01 01 00 00 01 0 1A 0 0 Ib-IA  Ic-IC 0 0 IC
11 01 00 00 01 01 00 00 01 0 TIA-Ia 0 0 -Ie-IA  Ic-IC 0 0 IC
00 01 00 00 01 00 11 01 01 0 1A 0 0 1B 0 0 Ib+IC Ic
00 01 00 11 01 00 00 01 01 0 1A 0 0 IB-Ia 0 0 IC-Ic Ic
11 01 00 00 O1 00 00 01 01 0 TIA-Ia 0 0 1B 0 0 IC-Ic Ic
00 01 00 00 00 O1 11 01 01 0 1A 0 0 0 1B 0 Ib-IA Ic-IB
00 01 00 11 00 01 00 01 01 0 1A 0 0 0 IB-Ia 0 Ib-IA -Ib-IB
11 01 00 00 00 O1 00 01 01 0 TIA-Ia 0 0 0 1B 0 -Ic-IA  Ic-IB
00 00 01 00 01 01 11 01 00 0 0 1A 0 -Ic-IC  Ic-IA 0 IC-Ia 0
11 00 01 00 01 01 00 01 00 0 0 IA-Ta 0 Ib-IC -Ib-IA 0 1C 0
00 00 01 00 01 01 11 00 01 0 0 1A 0 Ib IB-Ib 0 0 IC-Ia
00 00 01 11 01 01 00 01 00 0 0 1A 0 Ib-IC  Ic-1A 0 0 IC
00 00 01 11 01 01 00 00 01 0 0 1A 0 Ib Ic+IB 0 0 IC
11 00 01 00 01 01 00 00 01 0 0 IA-Ia 0 Ib IB-Ib 0 0 IC
00 00 01 00 01 00 11 01 01 0 0 1A 0 1B 0 0 Ib-IB Ic-1A
00 00 01 11 01 00 00 01 01 0 0 1A 0 IB-Ia 0 0 -Ic-IB  Ic-IA
11 00 01 00 01 00 00 01 01 0 0 IA-Ia 0 1B 0 0 Ib-IB -Ib-IA
00 00 01 00 00 01 11 01 01 0 0 1A 0 0 1B 0 Ib Ic+IC
00 00 01 11 00 01 00 01 01 0 0 1A 0 0 IB-Ia 0 Ib IC-Ib
11 00 01 00 00 O1 00 01 01 0 0 IA-Ia 0 0 1B 0 Ib IC-Ib
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Table B.2: Switching device combinations for (Vap,Vec,Voa) = (0,0,0)

and (%b’%ca‘/ca) = (O"/capa_‘/cap)'

States of switch cell

Current through capacitor

Saa Sab Sac Sa Spb Spe Sca Scb Scc| Caa Cap Cac Cpa Cpb Cge Cca Cob Ccc
employ single capacitor
11 11 01 11 00 00 11 00 00 0 0 Ic 0 0 0 0 0 0
11 11 01 11 00 00 00 11 00 0 0 Ic 0 0 0 0 0 0
11 11 01 00 11 00 11 00 00 0 0 Ic 0 0 0 0 0 0
11 11 01 00 11 00 00 11 00 0 0 Ic 0 0 0 0 0 0
11 00 01 11 00 00 11 11 00 0 0 Ic 0 0 0 0 0 0
00 11 01 11 00 00 11 11 00 0 0 Ic 0 0 0 0 0 0
11 00 01 00 11 00 11 11 00 0 0 Ic 0 0 0 0 0 0
00 11 01 00 11 00 11 11 00 0 0 Ic 0 0 0 0 0 0
11 00 01 11 11 00 11 00 00 0 0 Ic 0 0 0 0 0 0
00 11 01 11 11 00 11 00 00 0 0 Ic 0 0 0 0 0 0
11 00 01 11 11 00 00 11 00 0 0 Ic 0 0 0 0 0 0
00 11 01 11 11 00 00 11 00 0 0 Ic 0 0 0 0 0 0
1 00 00 11 00 O1 11 11 00 0 0 0 0 0 Ic 0 0 0
11 00 00 00 11 01 11 11 00 0 0 0 0 0 Ic 0 0 0
00 11 00 11 00 01 11 11 00 0 0 0 0 0 Ic 0 0 0
00 11 00 00 11 01 11 11 00 0 0 0 0 0 Ic 0 0 0
11 00 00 11 11 01 11 00 00 0 0 0 0 0 Ic 0 0 0
00 11 00 11 11 01 11 00 00 0 0 0 0 0 Ic 0 0 0
11 00 00 11 11 01 00 11 00 0 0 0 0 0 Ic 0 0 0
00 11 00 11 11 01 00 11 00 0 0 0 0 0 Ic 0 0 0
11 11 00 11 00 01 11 00 00 0 0 0 0 0 Ic 0 0 0
11 1100 00 11 01 11 00 00 0 0 0 0 0 Ic 0 0 0
11 11 00 11 00 01 00 11 00 0 0 0 0 0 Ic 0 0 0
11 11 00 00 11 01 00 11 00 0 0 0 0 0 Ic 0 0 0
1 00 00 11 00 00 11 11 01 0 0 0 0 0 0 0 0 Ic
11 00 00 00 11 00 11 11 01 0 0 0 0 0 0 0 0 Ic
00 11 00 11 00 00 11 11 01 0 0 0 0 0 0 0 0 Ic
00 11 00 00 11 00 11 11 01 0 0 0 0 0 0 0 0 Ic
11 00 00 11 11 00 11 00 01 0 0 0 0 0 0 0 0 Ic
11 00 00 11 11 00 00 11 01 0 0 0 0 0 0 0 0 Ic
00 11 00 11 11 00 11 00 01 0 0 0 0 0 0 0 0 Ic
00 11 00 11 11 00 00 11 01 0 0 0 0 0 0 0 0 Ic
11 11 00 11 00 00 11 00 01 0 0 0 0 0 0 0 0 Ic
11 1 00 11 00 00 00 11 01 0 0 0 0 0 0 0 0 Ic
11 11 00 00 11 00 11 00 01 0 0 0 0 0 0 0 0 Ic
11 11 00 00 11 00 00 11 01 0 0 0 0 0 0 0 0 Ic
employ two capacitors
10 10 11 00 00 11 00 00 11 -la -Ib 0 0 0 0 0 0 0
10 00 11 00 10 11 00 00 11 -la 0 0 -Ib 0 0 0 0
10 00 11 00 00 11 00 10 11 -Ia 0 0 0 0 0 0 -Ib 0
00 10 11 10 00 11 00 00 11 0 -Ib 0 -la 0 0 0 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Sa SBb Se Sca Scb Sce| Caa Cap Cac CBa Ciy Ce Cca Cob Ccc
00 10 11 00 00 11 10 00 11 0 -Ib 0 0 0 0 -la 0 0
00 00 O 11 00 01 11 11 00 0 0 1A 0 0 Ic-1IA 0 0 0
00 00 O O00 11 01 11 11 00 0 0 1A 0 0 Ic-1IA 0 0 0
11 11 01 00 00 Ol 11 00 00 0 0 Ic-IB 0 0 1B 0 0 0
11 11 01 00 00 Ol 00 11 00 0 0 Ic-IB 0 0 1B 0 0 0
1 00 01 00 O00 01 11 11 00 0 0 Ic-IB 0 0 1B 0 0 0
00 11 0L 00 00 01 11 11 00 0 0 Ic-IB 0 0 1B 0 0 0
00 00 O 11 11 01 11 00 00 0 0 1A 0 0 Ic-1IA 0 0 0
00 00 O 11 11 01 00 11 00 0 0 1A 0 0 Ic-1IA 0 0 0
11 00 01 00 11 01 11 00 00 0 0 -la-IB 0 0 IB-Ib 0 0 0
00 11 01 11 00 01 11 00 00 0 0 IA-Ib O 0 -lalA O 0 0
1 00 o01 O00 11 01 00 11 00 0 0 IA-la O 0 -IbIA O 0 0
00 11 o0 11 00 01 00 11 00 0 0 ~-Ib-IB 0 0 IB-Ia 0 0 0
00 00 Ol 11 00 00 11 11 01 0 0 1A 0 0 0 0 0 Ic-IA
00 00 O o00 11 00 11 11 01 0 0 1A 0 0 0 0 0 Ic-IA
00 00 O 11 11 00 11 00 01 0 0 1A 0 0 0 0 0 Ic-1IA
00 00 Ol 11 11 00 00 11 oO1 0 0 1A 0 0 0 0 0 Ic-IA
1r 11 01 11 00 00 00 00 O1 0 0 Ic-IC 0 0 0 0 0 IC
1r 11 01 00 11 00 00 00 O1 0 0 Ic-IC 0 0 0 0 0 IC
00 11 01l 11 00 00 11 00 O1 0 0 IA-Ib 0 0 0 0 0 -la-IA
11 00 01 11 00 00 00 11 01 0 0 -la-IC 0 0 0 0 0 IC-Ib
00 11 0L 00 11 00 11 00 O1 0 0 ~-Ib-IC 0 0 0 0 0 IC-la
11 00 0 00 11 00 00 11 o1l 0 0 IA-la 0 0 0 0 0 -Ib-IA
1 00 O 11 11 00 00 00 O1 0 0 Ic-IC 0 0 0 0 0 IC
00 11 Or 11 11 00 00 00 O1 0 0 Ic-IC 0 0 0 0 0 IC
00 00 I 10 10 11 00 00 11 0 0 0 -la -Ib 0 0 0 0
00 00 11 10 O00 11 00 10 11 0 0 0 -la 0 0 0 -Ib 0
00 00 11 00 10 11 10 00 11 0 0 0 0 -Ib 0 -la 0 0
11 00 00 00 ©00 oO1 11 11 o0l 0 0 0 0 0 1B 0 0 Ic-IB
00 11 00 00 00 O1 11 11 01 0 0 0 0 0 1B 0 0 Ic-IB
11 00 o00 11 00 O 00 11 01 0 0 0 0 0 -la-IC O 0 IC-Ib
11 00 00 00 11 01 11 00 Ol 0 0 0 0 0 IB-Ib 0 0 -la-IB
00 11 00 11 00 01 00 11 01 0 0 0 0 0 IB-Ia 0 0 -Ib-IB
00 11 00 O00 11 01 11 00 01 0 0 0 0 0 ~-Ib-IC O 0 IC-1a
11 11 00 00 00 01 11 00 Ol 0 0 0 0 0 1B 0 0 Ic-IB
1 11 00 00 O00 01 00 11 01 0 0 0 0 0 1B 0 0 Ic-1IB
1r 00 o00 11 11 0L 00 00 O1 0 0 0 0 0 Ic-IC 0 0 IC
00 11 00 11 11 01 00 00 Ol 0 0 0 0 0 Ic-IC 0 0 IC
1 11 00 11 00 01 00 00 O1 0 0 0 0 0 Ic-IC 0 0 IC
1r 11 00 00 11 01l 00 00 O1 0 0 0 0 0 Ic-IC 0 0 IC
00 00 11 00 00 11 10 10 11 0 0 0 0 0 0 -la -Ib 0

employ three capacitors
10 10 11 10 00 00 00 00 11 |IB-la -Ib 0 -IB 0 0
10 10 00 10 00 11 00 00 11 |Ib-IA -Ib 0 Ic+tIA 0 0 0 0
10 10 11 00 10 00 00 00 11 -la IB-Ib 0 0 -IB 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa Sb Spe Sca Scb Sce| Caa Cab Cac Cpa Cy Cie Cca Cob Cee
10 10 00 00 10 11 00 00 11 -la Ia-IA 0 0 I+IA 0 0 0
10 10 11 00 00 11 10 00 00 |ICIa -Ib 0 0 0 0 -1C 0 0
10 10 00 00 00 11 10 00 11 |Ib-IA -Ib 0 0 0 0 Ic+IA 0 0
10 10 11 00 00 11 00 10 00 -la IC-Ib 0 0 0 0 0 -IC 0
10 10 00 00 00 11 00 10 11 -la Ta-IA 0 0 0 0 0 I+IA 0
10 00 00 10 10 11 00 00 11 | -IA 0 0 IAJa -Ib 0 0 0 0
10 00 11 10 10 00 00 00 11 |Ic+IB 0 0 Ib-IB -Ib 0 0 0 0
10 00 00 10 00 11 00 10 11 -1A 0 0 IAJa O 0 0 -Ib 0
10 00 11 10 00 00 00 10 11 |IB-la 0 0 -IB 0 0 0 -Ib 0
10 00 00 00 10 11 10 00 11 | -IA 0 0 0 -Ib 0 IA-la O 0
10 00 11 00 10 11 10 00 00 |IC-la 0 0 0 -Ib 0 -IC 0 0
10 00 11 00 10 00 00 10 11 -la 0 0 0 -IB 0 0 IB-Ib 0
10 00 11 00 10 11 00 10 00 -la 0 0 0 IC-Ib 0 0 -IC 0
10 00 00 00 00 11 10 10 11 -1A 0 0 0 0 0 IA-la  -Ib 0
10 00 11 00 00 11 10 10 00 |Ic+IC O 0 0 0 0 Ib-IC  -Ib 0
00 10 00 10 10 11 00 00 11 0 -IA 0 -la IA-Ib 0 0 0 0
00 10 11 10 10 00 00 00 11 0 I+IB 0 -la Ta-IB 0 0 0 0
00 10 11 10 00 00 10 00 11 0 -Ib 0 -IB 0 0 IB-Ia 0 0
00 10 11 10 00 11 10 00 00 0 -Ib 0 IC-Ia 0 0 -IC 0 0
00 10 00 10 o00 11 00 10 11 0 -IA 0 -la 0 0 0 IA-Ib 0
00 10 11 10 00 11 00 10 00 0 IC-Ib 0 -la 0 0 0 -IC 0
00 10 00 O00 10 11 10 00 11 0 -IA 0 0 IA-Ib 0 -la 0 0
00 10 11 00 10 00 10 00 11 0 IB-Ib 0 0 -IB 0 -la 0 0
00 10 00 O00 O00 11 10 10 11 0 -IA 0 0 0 0 -la IA-Ib 0
00 10 11 00 00 11 10 10 00 0 Ie+IC 0 0 0 0 -la Ta-IC 0
00 00 Ol ©00 O00 01 11 11 o1 0 0 1A 0 0 1B 0 0 Ic+IC
00 00 O 11 00 01 00 11 01 0 0 1A 0 0 IB-Ia 0 0 IC-Ib
00 00 O O00 11 01 11 00 01 0 0 1A 0 0 IB-Ib 0 0 IC-1a
11 11 01 00 00 Ol 00 00 Ol 0 0 Ic+IA O 0 1B 0 0 IC
00 11 01 00 00 01 11 00 01 0 0 IA-Ib 0 0 1B 0 0 IC-Ia
11 00 01 00 00 O 00 11 01 0 0 IA-la 0 0 1B 0 0 IC-Ib
00 00 Ol 11 1101 00 00 O1 0 0 1A 0 0 Ie+IB O 0 IC
11 00 01 00 11 01l 00 00 O1 0 0 IA-la O 0 IB-Ib 0 0 IC
00 11 01 11 00 01 00 00 O1 0 0 IA-Ib 0 0 IB-Ia 0 0 IC
00 00 Il 10 10 00 10 00 11 0 0 0 Ib-IB -Ib 0 Ie+IB 0 0
00 00 11 10 10 11 10 00 00 0 0 0 IC-la  -Ib 0 -IC 0 0
00 00 I 10 10 00 00 10 11 0 0 0 -la Ta-IB 0 0 Ie+IB O
00 00 Il 10 10 11 00 10 00 0 0 0 la IC-Ib 0 0 -IC 0
00 00 11 10 00 00 10 10 11 0 0 0 -IB 0 0 IB-la -Ib 0
00 00 I 10 O00 11 10 10 00 0 0 0 Ie+IC 0 0 Ib-IC  -Ib 0
00 00 11 00 10 00 10 10 11 0 0 0 0 -IB 0 -la  IB-Ib 0
00 00 11 00 10 11 10 10 00 0 0 0 0 Ic+IC 0 -la Ta-IC 0

employ four capacitors
10 10 11 10 00 00 10 00 00 |-laJA -Ib 0 -IB 0 0 -IC 0 0
10 10 11 10 00 00 00 10 00 | IB-Ia IC-Ib 0 -IB 0 -1C 0
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States of switch cell Current through capacitor

Saa Sab Sac Spa Sb Spc Sca Scv Sce| Caa Cap Cac Cpa Cpr Cie Cca Cow
10 10 00 10 00 00 10 00 11 |Ib-IA -Ib 0 -IB 0 0 Ic-IC 0
10 10 00 10 00 11 10 00 00 |Ib-IA -Ib 0 Ic-IB 0 0 -1C 0
10 10 00 10 00 00 00 10 11 |IB-la Ia+IC O -IB 0 0 0 Ic-IC
10 10 00 10 00 11 00 10 00 |Ib+IB IC-Ib 0 Ic-IB 0 0 0 -IC
10 10 11 00 10 00 10 00 00 |ICIa IB-Ib 0 0 -IB 0 -IC
10 10 00 00 10 00 10 00 11 [Ib+IC IB-Ib 0 0 -IB 0 Ic-IC
10 10 00 00 10 11 10 00 00 |IC-la Ia+IB O 0 Ic-IB 0 -IC
10 10 11 00 10 00 00 10 00 -la -Ib-IA O 0 -IB 0 0 -IC
10 10 00 00 10 00 00 10 11 -la Ta-IA 0 0 -IB 0 0 Ic-IC
10 10 00 00 10 11 00 10 00 -la Ia-IA 0 0 Ic-1B 0 0 -IC
10 00 00 10 10 00 10 00 11 -IA 0 0 Ib-IB -Ib 0 Ic-IC 0
0 00 00 10 10 11 10 00 00 | -IA 0 0 -IB-la -Ib 0 -IC 0
10 00 11 10 10 00 10 00 00 |IcIA 0 0 Ib-IB -Ib 0 -IC 0
10 00 00 10 10 00 00 10 11 -1A 0 0 IAJa Ta+IC O 0 Ic-IC
10 00 00 10 10 11 00 10 00 | -IA 0 0 IA-Ja IC-Ib 0 0 -IC
10 00 11 10 10 00 00 10 00 |IcIA 0 0 IA+Ib IC-Ib 0 0 -IC
10 00 00 10 00 00 10 10 11 -IA 0 0 -IB 0 0 -la-IC -Ib
10 00 00 10 00 11 10 10 00 | -IA 0 0 Ic-IB 0 0 Ib-IC  -Ib
10 00 11 10 00 00 10 10 00 |IcIA 0 0 -IB 0 0 Ib-IC  -Ib
10 00 00 00 10 00 10 10 11 -1A 0 0 0 -IB 0 IA-Ia IB-Ib
10 00 00 00 10 11 10 10 00 -IA 0 0 0 Ic-1B 0 IA-Ia ITa+IB
10 00 11 00 10 00 10 10 00 |IcIA 0 0 0 -IB 0 Ib+IA IB-Ib
00 10 00 10 10 00 10 00 11 0 -IA 0 Ib+IC IA-Ib 0 Ic-IC 0
00 10 00 10 10 11 10 00 00 0 -IA 0 IC-Ia IA-Ib 0 -IC 0
00 10 11 10 10 00 10 00 00 0 Ic-1A 0 IC-la Ta+IA O -IC 0
00 10 00 10 10 00 00 10 11 0 -IA 0 -la Ta-IB 0 0 Ic-IC
00 10 00 10 10 11 00 10 00 0 -IA 0 -la -Ib-IB 0 0 -IC
00 10 11 10 10 00 00 10 00 0 Ic-1A 0 -la Ta-IB 0 0 -IC
00 10 00 10 00 00 10 10 11 0 -IA 0 -IB 0 0 IB-Ia IA-Ib
00 10 00 10 00 11 10 10 00 0 -IA 0 Ic-1B 0 0 Ib+IB IA-Ib
00 10 11 10 00 00 10 10 00 0 Ic-1A 0 -IB 0 0 IB-la Ia+IA
00 10 00 00 10 00 10 10 11 0 -IA 0 -IB 0 -la -Ib-IC
00 10 00 O00 10 11 10 10 00 0 -IA 0 Ic-1B 0 -la Ta-IC
00 10 11 00 10 00 10 10 00 0 Ic-1A 0 -IB 0 -la Ta-IC
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Table B.3: Switching device combinations for (Vag,Vsc,Veoa) = (0,0,0)

and (‘/abv‘/;)c,‘/ca) = (_‘/cap"/cap,o)'

States of switch cell

Current through capacitor

Saa Sab Sac Sa Spo Spe Sca Scb Sce| Caa Cap Cac Cpa Cpyb Cpe Cca Ceob Cee
employ single capacitor
11 10 11 11 00 00 11 00 00 0 -Ib 0 0 0 0 0 0 0
11 10 11 11 00 00 00 00 11 0 -Ib 0 0 0 0 0 0 0
11 10 11 00 00 11 11 00 00 0 -Ib 0 0 0 0 0 0 0
11 10 11 00 00 11 00 00 11 0 -Ib 0 0 0 0 0 0 0
11 10 00 11 00 00 11 00 11 0 -Ib 0 0 0 0 0 0 0
00 10 11 11 00 00 11 00 11 0 -Ib 0 0 0 0 0 0 0
11 10 00 00 00 11 11 00 11 0 -Ib 0 0 0 0 0 0 0
00 10 11 00 00 11 11 00 11 0 -Ib 0 0 0 0 0 0 0
11 10 00 11 00 11 11 00 00 0 -Ib 0 0 0 0 0 0 0
00 10 11 11 00 11 11 00 00 0 -Ib 0 0 0 0 0 0 0
11 10 00 11 00 11 00 00 11 0 -Ib 0 0 0 0 0 0 0
00 10 11 11 00 11 00 00 11 0 -Ib 0 0 0 0 0 0 0
11 00 00 11 10 00 11 00 11 0 0 0 0 -Ib 0 0 0 0
11 00 00 00 10 11 11 00 11 0 0 0 0 -Ib 0 0 0 0
00 00 11 11 10 00 11 00 11 0 0 0 0 -Ib 0 0 0 0
00 00 11 00 10 11 11 00 11 0 0 0 0 -Ib 0 0 0 0
11 00 00 11 10 11 11 00 00 0 0 0 0 -Ib 0 0 0 0
00 00 11 11 10 11 11 00 00 0 0 0 0 -Ib 0 0 0 0
11 00 00 11 10 11 00 00 11 0 0 0 0 -Ib 0 0 0 0
00 00 11 11 10 11 00 00 11 0 0 0 0 -Ib 0 0 0 0
11 00 11 11 10 00 11 00 00 0 0 0 0 -Ib 0 0 0 0
11 00 11 00 10 11 11 00 00 0 0 0 0 -Ib 0 0 0 0
11 00 11 11 10 00 00 00 11 0 0 0 0 -Ib 0 0 0 0
11 00 11 00 10 11 00 00 11 0 0 0 0 -Ib 0 0 0 0
1 00 00 11 00 00 11 10 11 0 0 0 0 0 0 0 -Ib 0
11 00 00 00 00 11 11 10 11 0 0 0 0 0 0 0 -Ib 0
00 00 11 11 00 00 11 10 11 0 0 0 0 0 0 0 -Ib 0
00 00 11 00 00 11 11 10 11 0 0 0 0 0 0 0 -Ib 0
11 00 00 11 00 11 11 10 00 0 0 0 0 0 0 0 -Ib 0
11 00 00 11 00 11 00 10 11 0 0 0 0 0 0 0 -Ib 0
00 00 11 11 00 11 11 10 00 0 0 0 0 0 0 0 -Ib 0
00 00 11 11 00 11 00 10 11 0 0 0 0 0 0 0 -Ib 0
11 00 11 11 00 00 11 10 00 0 0 0 0 0 0 0 -Ib 0
11 00 11 1 00 00 00 10 11 0 0 0 0 0 0 0 -Ib 0
1 00 11 00 00 11 11 10 00 0 0 0 0 0 0 0 -Ib 0
11 00 11 00 00 11 00 10 11 0 0 0 0 0 0 0 -Ib 0
employ two capacitors

01 11 01 00 11 00 00 11 00 Ia 0 Ic 0 0 0 0 0 0
01 11 00 00 11 01 00 11 00 Ia 0 0 Ic 0 0

01 11 00 00 11 00 00 11 01 Ia 0 0 0 0 Ic
00 10 00 11 10 00 11 00 11 0 -IA 0 IA-Ib 0 0 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Sa SBo SBe Sca Scb Sce| Caa Cap Cac Cpa Cgy Cie Cca Ceob Cee
00 10 00 O00 10 11 11 00 11 0 -IA 0 0 IA-Ib 0 0 0 0
11 10 11 00 10 00 11 00 00 0 IB-Ib 0 0 -IB 0 0 0 0
11 10 11 00 10 00 00 00 11 0 IB-Ib 0 0 -IB 0 0 0 0
11 10 00 00 10 00 11 00 11 0 IB-Ib 0 0 -1B 0 0 0 0
00 10 11 00 10 00 11 00 11 0 IB-Ib 0 0 -IB 0 0 0 0
00 10 00 11 10 11 11 00 00 0 -IA 0 0 IA-Ib 0 0 0 0
00 10 00 11 10 11 00 00 11 0 -IA 0 0 IA-Ib 0 0 0 0
11 10 00 00 10 11 11 00 00 0 IB+la 0 0 Ic-IB 0 0 0 0
00 10 11 11 10 00 11 00 00 0 Ic-1A 0 0 TIa+tIA O 0 0 0
11 10 00 00 10 11 00 00 11 0 Ia-A 0 0 Ie+tIA O 0 0 0
00 10 11 11 10 00 00 00 11 0 I+IB 0 0 Ia-IB 0 0 0 0
00 10 00 11 00 00 11 10 11 0 -IA 0 0 0 0 0 IA-Ib 0
00 10 00 o000 O00 11 11 10 11 0 -IA 0 0 0 0 0 IA-Ib 0
00 10 00 11 00 11 11 10 00 0 -IA 0 0 0 0 0 IA-Ib 0
00 10 00 11 00 11 00 10 11 0 -IA 0 0 0 0 0 IA-Ib 0
11 10 11 11 00 00 00 10 00 0 IC-Ib 0 0 0 0 0 -IC 0
11 10 11 00 00 11 00 10 00 0 IC-Ib 0 0 0 0 0 -IC 0
00 10 11 11 00 00 11 10 00 0 Ic-1A 0 0 0 0 0 Ta+tIA O
11 10 00 11 00 00 00 10 11 0 IC+la 0 0 0 0 0 Ic-IC 0
00 10 11 00 O00 11 11 10 00 0 Ie+IC 0 0 0 0 0 Ia-IC 0
11 10 00 00 00 11 00 10 11 0 Ia-1IA 0 0 0 0 0 Ie+IA 0
11 10 00 11 00 11 00 10 00 0 IC-Ib 0 0 0 0 0 -IC 0
00 10 11 11 00 11 00 10 00 0 IC-Ib 0 0 0 0 0 -IC 0
00 11 01 01 11 00 00 11 00 0 0 Ic Ia 0 0 0 0 0
00 11 0L 00 11 00 01 11 00 0 0 Ic 0 0 0 Ia 0 0
00 11 00 Ol 11 01 00 11 00 0 0 0 Ia 0 Ic 0 0 0
00 11 00 O01 11 00 00 11 01 0 0 0 Ia 0 0 0 0 Ic
11 00 00 00 10 00 11 10 11 0 0 0 0 -IB 0 0 IB-Ib 0
00 00 I 00 10 00 11 10 11 0 0 0 0 -IB 0 0 IB-Ib 0
11 00 00 11 10 00 00 10 11 0 0 0 0 IC+Ia 0 0 Ic-IC 0
11 00 00 00 10 11 11 10 00 0 0 0 0 Ic-1IB 0 0 IB+la 0
00 00 11 11 10 00 00 10 11 0 0 0 0 Ia-IB 0 0 Ie+IB 0
00 o00 11 00 10 11 11 10 00 0 0 0 0 Ie+IC O 0 Ia-IC 0
11 00 11 00 10 00 11 10 00 0 0 0 0 -1B 0 0 IB-Ib 0
11 00 11 00 10 00 00 10 11 0 0 0 0 -IB 0 0 IB-Ib 0
1 00 o00 11 10 11 00 10 00 0 0 0 0 IC-Ib 0 0 -IC 0
00 o00 11 11 10 11 00 10 00 0 0 0 0 IC-Ib 0 0 -IC 0
11 00 11 11 10 00 00 10 00 0 0 0 0 IC-Ib 0 0 -IC 0
1 00 11 00 10 11 00 10 00 0 0 0 0 IC-Ib 0 0 -IC 0
00 11 00 O00 11 01 01 11 00 0 0 0 0 0 Ic Ia 0 0
00 11 00 O00 11 00 01 11 01 0 0 0 0 0 0 Ia 0 Ic

employ three capacitors
or 11 01 01 00 00 00 11 00 |IaIB 0 Ic 1B 0
01 00 Ol O01 11 00 00 11 00 |IA-Ic 0 Ic -Ib-IA 0 0 0 0 0
01 00 01 00 11 01 00 11 00 Ia 0 IA-Ia 0 0 -Ib-IA 0 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa Sb Spe Sca Scb Sce| Caa Cab Cac Cpa Cp Cie Cca Cob Cec

or 11 0L 00 00 01 00 11 00 Ia 0 Ic-1IB 0 0 1B 0 0

0or 11 0l 00 11 00 01 00 00 |IaIC 0 Ic 0 0 0 IC 0

01 00 01 ©00 11 00 01 11 00 |IA-Ic 0 Ic 0 0 0 -Ib-IA 0

or 11 01 00 11 00 00 00 O1 Ia 0 Ic-IC 0 0 0 0 IC
o1 00 Ol O00 11 00 00 11 01 Ia 0 IA-Ia 0 0 0 0 -Ib-IA
or 00 00 O1 11 01 00 11 00 1A 0 0 Ia-1IA 0 Ic 0 0 0
or 11 00 01 00 01 00 11 00 [-Ib-IB O 0 IB-Ic 0 Ic 0 0 0
o1 00 00 O1 11 00 00 11 01 1A 0 0 Ia-1A 0 0 0 0 Ic
0or 11 00 01 00 00 00 11 01 |IaIB 0 0 1B 0 0 0 0 Ic
or 00 00 O00 11 01 01 11 00 1A 0 0 0 0 Ic Ia-IA 0 0
0or 11 00 ©00 11 01 01 00 00 |IaIC 0 0 0 0 Ic IC 0 0
or 11 00 00 00 01 00 11 01 Ia 0 0 0 0 1B 0 0 Ic-IB
or 11 00 O00 11 01 00 00 O1 Ia 0 0 0 0 Ic-IC 0 0 IC
01 00 00 O00 11 00 01 11 01 1A 0 0 0 0 0 Ia-1A 0 Ic
or 11 00 O00 11 00 01 00 O1 [-Ib-IC O 0 0 0 0 IC-Ic 0 Ic
00 10 00 O00 10 00 11 10 11 0 -IA 0 0 -1B 0 0 -Ib-IC 0
00 10 00 11 10 00 00 10 11 0 -IA 0 0 Ia-IB 0 0 Ic-IC 0
00 10 00 O00 10 11 11 10 00 0 -IA 0 0 Ic-1IB 0 0 Ia-IC 0
11 10 11 00 10 00 00 10 00 0 -Ib-IA 0 0 -IB 0 0 -IC 0
00 10 11 00 10 00 11 10 00 0 Ic-1A 0 0 -IB 0 0 Ia-IC 0
11 10 00 00 10 00 00 10 11 0 Ia-1IA 0 0 -IB 0 0 Ic-IC 0
00 10 00 11 10 11 00 10 00 0 -IA 0 0 -Ib-IB 0 0 -IC 0
11 10 00 00 10 11 00 10 00 0 Ia-1A 0 0 Ic-IB 0 0 -IC 0
00 10 11 11 10 00 00 10 00 0 Ic-1A 0 0 Ia-IB 0 0 -IC 0
00 00 O O1 11 01 00 11 00 0 0 1A Ia 0 Ic-1A 0 0 0
00 11 0L 01 00 01 00 11 00 0 0 -Ib-IB 1Ia 0 IB-Ia 0 0 0
00 11 0L 01 00 00 01 11 00 0 0 Ic 1B 0 0 Ia-IB 0 0
00 11 01 01 11 00 01 00 00 0 0 Ic IaIC 0 0 IC 0 0
00 00 Ol 01 11 00 00 11 oO1 0 0 1A Ia 0 0 0 Ic-1A
00 11 01 01 11 00 00 00 O1 0 0 Ic-IC 1Ia 0 0 0 IC
00 00 O O00 11 01 01 11 00 0 0 1A 0 0 Ic-IA  Ia 0 0
00 11 0L 00 O00 01 01 11 00 0 0 Ic-IB 0 0 1B Ia 0 0
00 00 O O00 11 00 01 11 01 0 0 1A 0 0 Ia 0 Ic-1A
00 11 0L 00 11 00 01 00 O1 0 0 -Ib-IC 0 0 Ia 0 IC-1a
00 11 00 Ol O00 01 01 11 00 0 0 0 IB-Ic 0 Ic -Ib-IB 0 0
00 11 00 O1 11 01 01 00 00 0 0 0 Ia-IC 0 Ic IC 0 0
00 11 00 01 00 01 00 11 01 0 0 0 Ia 0 IB-Ia 0 0 -Ib-IB
00 11 00 O1 11 01 00 00 Ol 0 0 0 Ia 0 Ic-IC 0 0 IC
00 11 00 01 00 00 01 11 01 0 0 0 1B 0 0 Ia-IB 0 Ic
00 11 00 O1 11 00 01 00 O1 0 0 0 -Ib-IC 0 0 IC-Ic 0 Ic
00 11 00 00 O00 01 01 11 01 0 0 0 0 0 1B Ia 0 Ic-IB
00 11 00 O00 11 01 01 00 O1 0 0 0 0 0 -Ib-IC 1Ia 0 IC-la

employ four capacitors

or 11 0l 01 00 00 01 00 00 [[a+IA O Ic 1B 0 0 IC 0 0
01 00 01 01 00 00 01 11 00 | IA-Ic 0 Ic 1B 0 0 IC-Ib 0 0
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States of switch cell Current through capacitor
Saa Sab Sac Spa Sb Spe Sca Scb Sce| Caa Cab Cac Cpa Cp Cie Cca Cob Cec

01 00 O 01 11 00 01 00 00 |IA-Ic 0 Ic  IB-Ib 0 0 IC 0 0
01 11 01 0L 00 00 00 00 Ol |IaIB 0 Ie-IC 1B 0 0 0 IC
01 00 01 01 00 00 00 11 01 |IaIB 0 -laIC IB 0 0 0 IC-Ib
or 00 O O1 11 00 00 00 Ol [-Ic-IB O Ic-IC  IB-Ib 0 0 0 IC
01 11 01 00 00 Ol 01 00 00 |IaIC 0 Ic-IB 0 0 1B IC 0 0
or 00 01 00 00 01 01 11 00 [-Ic-IC O Ic-1IB 0 0 IB IC-Ib 0 0
0or 00 O 00 11 01 01 00 00 |IaIC 0 -la-IB O 0 IB-Ib IC 0 0
0l 00 01 00 00 Ol 00 11 Ol Ia 0 IA-Ia 0 0 1B 0 0 IC-Ib
0or 11 0L 00 00 01 00 00 O1 Ia 0 Ie+IA O 0 1B 0 0 IC
0or 00 O 00 11 01 00 00 O1 Ia 0 IA-Ia 0 0 IB-Ib 0 0 IC
01l 00 00 O 00 Ol 01 11 00 1A 0 0 IB-Ic 0 Ic IC-Ib 0 0
o1 00 00 O01 11 01 01 00 00 1A 0 0 IB+la O Ic IC 0 0
or 11 00 01 00 01 01 00 00 [IA-Ib 0 0 IB-Ic 0 Ic IC 0 0
0l 00 00 Ol 00 Ol 00 11 Ol 1A 0 0 Ia-1A 0 -laIC 0 0 IC-Ib
or 00 00 O01 11 01 00 00 O1 1A 0 0 Ia-TIA 0 Ic-IC 0 0 IC
0or 11 00 01 00 01 00 00 O [IA-Ib 0 0 -lcIA 0 Ic-IC 0 0 IC
01l 00 00 Ol 00 O00 01 11 Ol 1A 0 0 1B 0 0 IC+la 0 Ic
o1 00 00 O01 11 00 01 00 O1 1A 0 0 IB-Ib 0 0 IC-Ic 0 Ic
or 11 00 01 00 00 01 00 O [IA-Ib 0 0 1B 0 0 IC-Ic 0 Ic
01l 00 00 00 00 Ol 01 11 Ol 1A 0 0 0 0 1B Ia-IA 0 Ic-IB
o1 00 00 O00 11 01 01 00 O1 1A 0 0 0 0 IB-Ib Ia-IA 0 -la-IB
0or 11 00 00 00 01 01 00 01 [IA-Ib 0 0 0 0 IB -lcIA O Ic-IB
00 00 01 O 00 O1 01 11 00 0 0 A -IcIC O Ic-IA IC-Ib 0 0
00 00 O O01 11 01 01 00 00 0 0 IA Ia-IC 0 Ie-IA IC 0 0
00 11 0L 01 00 01 01 00 00 0 0 IA-Ib Ia-IC 0 -laJA IC 0 0
00 00 01 Ol oO00 Ol 00 11 Ol 0 0 1A Ia 0 IB-Ia 0 0 IC-Ib
00 00 O O01 11 01 00 00 O1 0 0 1A Ia 0 Ic+IB 0 0 IC
00 11 01 01 00 01 00 00 O1 0 0 IA-Ib  Ia 0 IB-Ia 0 0 IC
00 00 01 O 00 O00 01 11 o0l 0 0 1A 1B 0 0 Ia-IB 0 Ic-1A
00 00 Ol 01 11 00 01 00 01 0 0 1A IB-Ib 0 0 -Ic-IB 0 Ic-IA
00 11 0L 01 00 00 01 00 O1 0 0 IA-Ib 1B 0 0 Ia-IB 0 -la-IA
00 00 01 00 00 O1 01 11 Ol 0 0 1A 0 1B Ia 0 Ic+IC
00 00 O O00 11 01 01 00 O1 0 0 1A 0 IB-Ib Ia 0 IC-la
00 11 0L 00 00 01 01 00 O1 0 0 IA-Ib 0 0 1B Ia 0 IC-la
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Table B.4: Switching device combinations for (Vag,Vec,Voa) = (0,0,0)

and (%b’%ca‘/ca) = (_‘/cap’oa‘/cap)'

Saa Sav Sac SBa SBv SBe Sca Scv Sce

States of switch cell

CAa

Cap

CAc

Current through capacitor

CBa

Cgp

CBC

CC a

Cow

CC c

01
01
01
01
01
01
01
01
01
01
01
01
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

01
01
01
01

11
11
11
11
11
00
11
00
11
00
11
00
11
11
00
00
11
00
11
00
11
11
11
11
11
11
00
00
11
11
00
00
11
11
11
11

00
00
11
11

employ single capacitor

11
11
11
11
00
11
00
11
00
11
00
11
00
00
11
11
00
11
00
11
11
11
11
11
00
00
11
11
00
00
11
11
11
11
11
11

00
00
11
11

00
00
00
00
00
00
00
00
00
00
00
00
01
01
01
01
01
01
01
01
01
01
01
01
00
00
00
00
00
00
00
00
00
00
00
00

employ two capacitors

01
01
01
01

11
11
00
00
11
11
00
00
11
11
11
11
11
00
11
00
11
11
11
11
11
00
11
00
11
00
11
00
11
11
11
11
11
11
00
00

11
00
00
00

00
00
11
11
00
00
11
11
11
11
11
11
00
11
00
11
11
11
11
11
00
11
00
11
00
11
00
11
11
11
11
11
00
00
11
11

00
11
00
00

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
01
01
01
01
01
01
01
01
01
01
01
01

00
00
00
00

11
00
11
00
11
11
11
11
11
11
00
00
11
11
11
11
11
11
00
00
11
11
00
00
11
11
11
11
11
00
11
00
11
00
11
00

11
11
11
00

00
11
00
11
11
11
11
11
00
00
11
11
11
11
11
11
00
00
11
11
00
00
11
11
11
11
11
11
00
11
00
11
00
11
00
11

11
11
00
11

SO O O O O O O O 0O O o0 O o0 o0 o0 o0 o0 o0 o o o o oo

1A
Ia-IB
Ia-IB
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States of switch cell

Current through capacitor

Saa Sab Sac Spa SBo SBe Sca Scb Sce| Caa Cap Cac Cpa Cgy Cpe Cca Ccobv Ccc
or 11 00 01 00 00 00 11 11 |Ia-IB 0 0 1B 0 0 0 0 0
01 00 11 01 00 00 00 11 11 |IaIB 0 0 1B 0 0 0 0 0
or 00 00 O1 11 11 00 11 00 1A 0 0 Ia-1IA 0 0 0 0 0
or 00 00 O1 11 11 00 00 11 1A 0 0 Ia-1A 0 0 0 0 0
or 11 00 01 O00 11 00 11 00 [-Ib-IB O 0 IB-Ic 0 0 0 0 0
01 00 11 01 11 00 00 11 00 |IA-Ic 0 0 -Ib-IA 0 0 0 0 0
or 11 00 01 00 11 00 00 11 [IA-Ib 0 0 -lcIA 0 0 0 0 0
or 00 11 01 11 00 00 00 11 [-Ic-IB O 0 IB-Ib 0 0 0 0 0
o1 00 00 O00 11 00 01 11 11 1A 0 0 0 0 0 la-1A 0 0
or 00 00 O00 O00 11 01 11 11 1A 0 0 0 0 0 Ia-1A 0 0
o1 00 00 O00 11 11 01 11 00 1A 0 0 0 0 0 Ia-1A 0 0
or 00 00 O00 11 11 01 00 11 1A 0 0 0 0 0 Ia-1A 0 0
or 11 11 00 11 00 01 00 00 |IaIC 0 0 0 0 0 IC 0 0
or 11 11 00 00 11 01 00 00 |IaIC 0 0 0 0 0 IC 0 0
01 00 11 00 11 00 01 11 00 |IA-Ic 0 0 0 0 0 -IbIA O 0
or 11 00 o00 11 00 01 00 11 [-Ib-IC O 0 0 0 0 IC-Ic 0 0
o1 00 11 00 00 11 01 11 00 [-Ic-IC O 0 0 0 0 IC-Ib 0 0
or 11 00 00 00 11 01 00 11 [IA-Ib 0 0 0 0 0 -IcIA O 0
or 11 00 o00 11 11 01 00 00 |IaIC 0 0 0 0 0 IC 0 0
01 00 11 00 11 11 01 00 00 |IaIC 0 0 0 0 0 1C 0 0
11 100 10 11 00 00 11 00 00 0 -Ib -Ic 0 0 0 0 0 0
11 10 00 11 00 10 11 00 00 0 -Ib 0 0 0 -Ic 0 0 0
11 10 00 11 00 o00 11 00 10 0 -Ib 0 0 0 0 0 0 -Ic
1 00 10 11 10 00 11 00 00 0 0 -Ic 0 -Ib 0 0 0 0
11 00 10 11 00 00 11 10 00 0 0 -Ic 0 0 0 0 -Ib 0
00 11 00 O01 O00 00 01 11 11 0 0 0 1B 0 0 Ia-1B 0 0
00 00 11 01 00 00 01 11 11 0 0 0 1B 0 0 Ia-1B 0 0
00 11 00 O1 11 00 01 00 11 0 0 0 -Ib-IC 0 0 IC-Ic 0 0
00 11 00 Ol O00 11 01 11 00 0 0 0 IB-Ic 0 0 -Ib-IB 0 0
00 00 11 01 11 00 01 00 11 0 0 0 IB-Ib 0 0 -IcIB O 0
00 00 11 01 00 11 01 11 00 0 0 0 -le-IC 0 0 IC-Ib 0 0
00 11 11 01 00 00 01 11 00 0 0 0 1B 0 0 Ia-1B 0 0
00 11 11 01 00 00 01 00 11 0 0 0 1B 0 0 Ia-1B 0 0
00 11 00 O1 11 11 01 00 00 0 0 0 Ia-IC 0 0 IC 0 0
00 00 11 01 11 11 01 00 00 0 0 0 Ia-IC 0 0 1C 0 0
00 11 11 01 11 00 01 00 00 0 0 0 Ia-IC 0 0 1IC 0 0
00 11 11 01 00 11 01 00 00 0 0 0 Ia-IC 0 0 IC 0 0
11 00 00 11 10 10 11 00 00 0 0 0 0 -Ib -Ic 0 0 0
1 00 o00 11 10 00 11 00 10 0 0 0 0 -Ib 0 0 0 -Ic
11 00 o00 11 00 10 11 10 00 0 0 0 0 0 -Ic 0 -Ib 0
11 00 00 11 00 00 11 10 10 0 0 0 0 0 0 0 -Ib -Ic

employ three capacitors
or 00 00 O01 00 00 01 11 11 1A 0 0 1B 0 0 IC+la O
o1 00 00 O1 11 00 01 00 11 1A 0 IB-Ib 0 0 IC-Ic 0 0
01 00 00 01 00 11 01 11 00 IA 0 0 IB-Ic 0 0 IC-Ib 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa Spb Spe Sca Scb Sce| Caa Cab Cac Ca Oy Ce Cca Cob Coc
or 11 11 01 00 00 01 00 00 [Ia+IA O 0 1B 0 0 IC 0 0
01 00 11 01 00 00 01 11 00 |IA-Ic 0 0 1B 0 0 IC-Ib 0 0
0or 11 00 01 00 00 01 00 11 [IA-Ib 0 0 1B 0 0 IC-Ic 0 0
or 00 00 O1 11 11 01 00 00 1A 0 0 TatIB O 0 IC 0 0
0or 11 00 01 00 11 01 00 00 [IA-Ib 0 0 IB-Ic 0 0 IC 0 0
01 00 11 01 11 00 01 00 00 |IA-Ic 0 0 IB-Ib 0 0 IC 0 0
11 10 10 00 10 00 11 00 00 0 IB-Ib  -Ic 0 -1B 0 0 0 0
00 10 10 11 10 00 11 00 00 0 Ie-IA  -Ic 0 Ta+tIA O 0 0 0
1 10 10 00 00 10 11 00 00 0 -Ib  IB-Ic 0 0 -IB 0 0 0
00 10 10 11 00 10 11 00 00 0 -Ib  Ib-IA 0 0 JatIA 0 0 0
11 10 10 11 00 00 00 10 00 0 IC-Ib  -Ic 0 0 0 0 -IC 0
00 10 10 11 00 00 11 01 00 0 Ic-IA  -Ic 0 0 0 0 Ia+tIA O
11 10 10 11 00 00 00 00 10 0 -Ib IC-Ic 0 0 0 0 0 -IC
00 10 10 11 00 00 11 00 10 0 -Ib  Ib-IA 0 0 0 0 0 Iat+IA
00 10 00 11 10 10 11 00 00 0 -IA 0 0 IA-Ib  -Ic 0 0 0
11 10 00 00 10 10 11 00 00 0 IB+la 0 0 Ic-IB -Ic 0 0 0
00 10 00 11 10 00 11 00 10 0 -IA 0 0 IA-Ib 0 0 0 -Ic
11 10 00 00 10 00 11 00 10 0 IB-Ib 0 0 -IB 0 0 0 -Ic
00 10 00 11 00 10 11 10 00 0 -IA 0 0 0 -Ic 0 IA-Ib 0
11 10 00 11 00 10 00 10 00 0 IC-Ib 0 0 0 -Ic 0 -IC 0
11 10 00 00 00 10 11 00 10 0 -Ib 0 0 0 -IB 0 0 IB-Ic
11 10 00 11 00 10 00 00 10 0 -Ib 0 0 0 IC-Ic 0 0 -IC
00 10 00 11 00 00 11 10 10 0 -IA 0 0 0 0 0 IA-Ib  -Ic
1 10 00 11 00 00 00 10 10 0 IC+la 0 0 0 0 0 Ic-IC  -Ic
00 00 10 11 10 10 11 00 00 0 0 -1A 0 -Ib IA-Ic 0 0 0
11 00 10 00 10 10 11 00 00 0 0 IB+la O -Ib  Ib-IB 0 0 0
1 00 10 00 10 00 11 10 00 0 0 -Ic 0 -IB 0 0 IB-Ib O
11 00 10 11 10 00 00 10 00 0 0 -Ic 0 IC-Ib 0 0 -IC 0
00 00 10 11 10 00 11 00 10 0 0 -1A 0 -Ib 0 0 0 IA-Ic
1 00 10 11 10 00 00 00 10 0 0 IC-Ic 0 -Ib 0 0 0 -IC
00 00 10 11 00 10 11 10 00 0 0 -1A 0 0 IA-Ic 0 -Ib 0
11 00 10 00 00 10 11 10 00 0 0 IB-Ic 0 0 -IB 0 -Ib 0
00 00 10 11 00 00 11 10 10 0 0 -1A 0 0 0 0 -Ib IA-Ic
11 00 10 11 00 00 00 10 10 0 0 IC+la O 0 0 0 -Ib  Ib-IC
11 00 00 00 10 10 11 10 00 0 0 0 0 Ic-IB  -Ic 0 IB+la O
1 00 o00 11 10 10 00 10 00 0 0 0 0 IC-Ib  -Ic 0 -1C 0
11 00 00 00 10 10 11 00 10 0 0 0 0 -Ib  Ib-IB 0 0 IB+la
11 00 00 11 10 10 00 00 10 0 0 0 0 -Ib IC-Ic 0 0 IC
1 00 00 00 10 00 11 10 10 0 0 0 0 -IB 0 0 IB-Ib  -Ic
11 00 o00 11 10 00 00 10 10 0 0 0 0 IC+la 0 0 Ie-IC  -Ic
11 00 00 00 00 10 11 10 10 0 0 0 0 0 -IB 0 -Ib  IB-Ic
11 00 00 11 00 10 00 10 10 0 0 0 0 0 IC+Ia 0 -Ib  Ib-IC

employ four capacitors
11 10 10 00 10 00 00 10 00 0 -Ib-IA -Ic 0 -1B 0 0 -IC 0
00 10 10 00 10 00 11 10 00 0 Ic-IA  -Ic 0 -IB 0 0 Ta-IC 0
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States of switch cell

Current through capacitor

Saa Sab Sac SBa SBb SBe Sca Scb Sce| Caa Cab Cac CBa Ceyb Cpe Cca Ceob Ccoc
00 10 10 11 10 00 00 10 00 0 Ic-IA  -Ic 0 Ia-1B 0 0 -IC 0
11 10 10 00 10 00 00 00 10 0 IB-Ib IC-Ic 0 -IB 0 0 -IC
00 10 10 00 10 00 11 00 10 0 IB-Ib Ib+IC 0 -IB 0 0 Ta-IC
00 10 10 11 10 00 00 00 10 0 Ic+IB IC-Ic 0 Ia-1B 0 0 -IC
11 10 10 00 00 10 00 10 00 0 IC-Ib IB-Ic 0 0 -IB 0 -IC
00 10 10 00 00 10 11 10 00 0 Ic+IC 1IB-Ic 0 0 -IB 0 Ta-IC
00 10 10 11 00 10 00 10 00 0 IC-Ib Ib+IB 0 0 Ia-IB 0 -IC
11 10 10 00 00 10 00 00 10 0 -Ib  -Ie-IA 0 0 -IB 0 0 -IC
00 10 10 00 00 10 11 00 10 0 -Ib  Ib-IA 0 0 -IB 0 0 Ta-IC
00 10 10 11 00 10 00 00 10 0 -Ib  Ib-IA 0 0 Ia-IB 0 0 -IC
00 10 00 00 10 10 11 10 00 0 -IA 0 0 Ic-IB -Ic 0 Ta-IC 0
00 10 00 11 10 10 00 10 00 0 -IA 0 0 -Ib-IB  -Ic 0 -IC 0
11 10 00 00 10 10 00 10 00 0 Ta-IA 0 0 Ic-1B -Ic 0 -IC 0
00 10 00 00 10 10 11 00 10 0 -1A 0 0 IA-Ib Ib+IC 0 0 Ta-IC
00 10 00 11 10 10 00 00 10 0 -IA 0 0 IA-Ib IC-Ic 0 0 -IC
11 10 00 00 10 10 00 00 10 0 Ta-IA 0 0 Ic+IA IC-Ic 0 0 -IC
00 10 00 00 10 00 11 10 10 0 -IA 0 0 -IB 0 0 -Ib-IC  -Ic
00 10 00 11 10 00 00 10 10 0 -IA 0 0 Ta-IB 0 0 Ic-IC  -Ic
00 10 00 11 00 10 00 10 10 0 -IA 0 0 Ia-IB 0 0 IA-Ib Ib+IB
11 10 00 00 10 00 00 10 10 0 Ta-TA 0 0 -IB 0 0 Ic-IC  -Ic
00 10 00 00 00 10 11 10 10 0 -IA 0 0 0 -IB 0 IA-Ib IB-Ic
11 10 00 00 00 10 00 10 10 0 Ta-IA 0 0 0 -IB 0 Ic+IA IB-Ic
00 00 10 00 10 10 11 10 00 0 0 -IA 0 Ic+IC TA-Ic 0 Ta-IC 0
00 00 10 11 10 10 00 10 00 0 0 -IA 0 IC-Ib TA-Ic 0 -IC 0
11 00 10 00 10 10 00 10 00 0 0 Ia-TA 0 IC-Ib Ib+IA 0 -IC 0
00 00 10 00 10 10 11 00 10 0 0 -IA 0 -Ib  Ib-IB 0 0 Ta-IC
00 00 10 11 10 10 00 00 10 0 0 -IA 0 -Ib  -Ic-IB 0 0 -IC
11 00 10 00 10 10 00 00 10 0 0 la-TA 0 -Ib  Ib-IB 0 0 -IC
00 00 10 00 10 00 11 10 10 0 0 -IA 0 -IB 0 0 IB-Ib IA-Ic
00 00 10 11 10 00 00 10 10 0 0 -IA 0 Ia-IB 0 0 Ic+IB IA-Ic
11 00 10 00 10 00 00 10 10 0 0 la-TA 0 -IB 0 0 IB-Ib Ib+IA
00 00 10 00 00 10 11 10 10 0 0 -IA 0 -IB 0 -Ib  -Ic-IC
00 00 10 11 00 10 00 10 10 0 0 -IA 0 Ia-IB 0 -Ib  Ib-IC
11 00 10 00 00 10 00 10 10 0 0 Ta-TA 0 -IB 0 -Ib  Ib-IC
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Table B.5: Switching device combinations for (Vag,Vsc,Veoa) = (0,0,0)

and (‘/aba‘/bca‘/ca) = (0,_‘/capa‘/cap)~

States of switch cell

Current through capacitor

Saa Sab Sac Sa Spb Spe Sca Scb Sce| Caa Cab Cac Cpa Cgb Cie Cca Cob Cee
employ single capacitor
11 11 10 11 00 00 11 00 00 0 0 -Ic 0 0 0 0 0 0
11 11 10 11 00 00 00 11 00 0 0 -Ie 0 0 0 0 0 0
11 11 10 00 11 00 11 00 00 0 0 -Ic 0 0 0 0 0 0
11 11 10 00 11 00 00 11 00 0 0 -Ic 0 0 0 0 0 0
1 00 10 11 00 00 11 11 00 0 0 -Ie 0 0 0 0 0 0
00 11 10 11 00 00 11 11 00 0 0 -Ic 0 0 0 0 0 0
11 00 10 00 11 00 11 11 00 0 0 -Ic 0 0 0 0 0 0
00 11 10 00 11 00 11 11 00 0 0 -Ie 0 0 0 0 0 0
11 00 10 11 11 00 11 00 00 0 0 -Ic 0 0 0 0 0 0
00 11 10 11 11 00 11 00 00 0 0 -Ic 0 0 0 0 0 0
11 00 10 11 11 00 00 11 00 0 0 -Ie 0 0 0 0 0 0
00 11 10 11 11 00 00 11 00 0 0 -Ic 0 0 0 0 0 0
1 00 00 11 00 10 11 11 00 0 0 0 0 0 -Ic 0 0 0
11 00 00 00 11 10 11 11 00 0 0 0 0 0 -Ie 0 0 0
00 11 00 11 00 10 11 11 00 0 0 0 0 0 -Ic 0 0 0
00 11 00 00 11 10 11 11 00 0 0 0 0 0 -Ic 0 0 0
11 00 00 11 11 10 11 00 00 0 0 0 0 0 -Ic 0 0 0
00 11 00 11 11 10 11 00 00 0 0 0 0 0 -Ic 0 0 0
11 00 00 11 11 10 00 11 00 0 0 0 0 0 -Ic 0 0 0
00 11 00 11 11 10 00 11 00 0 0 0 0 0 -Ic 0 0 0
11 11 00 11 00 10 11 00 00 0 0 0 0 0 -Ic 0 0 0
11 11 00 00 11 10 11 00 00 0 0 0 0 0 -Ic 0 0 0
11 11 00 11 00 10 00 11 00 0 0 0 0 0 -Ic 0 0 0
11 11 00 00 11 10 00 11 00 0 0 0 0 0 -Ic 0 0 0
1 00 00 11 00 00 11 11 10 0 0 0 0 0 0 0 0 -Ic
11 00 00 00 11 00 11 11 10 0 0 0 0 0 0 0 0 -Ie
00 11 00 11 00 00 11 11 10 0 0 0 0 0 0 0 0 -Ic
00 11 00 00 11 00 11 11 10 0 0 0 0 0 0 0 0 -Ic
11 00 00 11 11 00 11 00 10 0 0 0 0 0 0 0 0 -Ic
11 00 00 11 11 00 00 11 10 0 0 0 0 0 0 0 0 -Ic
00 11 00 11 1100 11 00 10 0 0 0 0 0 0 0 0 -Ic
00 11 00 11 11 00 00 11 10 0 0 0 0 0 0 0 0 -Ic
11 11 00 11 00 00 11 00 10 0 0 0 0 0 0 0 0 -Ic
11 1 00 11 00 00 00 11 10 0 0 0 0 0 0 0 0 -Ic
11 11 00 00 11 00 11 00 10 0 0 0 0 0 0 0 0 -Ic
11 11 00 00 11 00 00 11 10 0 0 0 0 0 0 0 0 -Ic
employ two capacitors
01 01 11 00 00 11 00 00 11 Ia Ib 0 0 0 0 0 0 0
01 00 11 00 01 11 00 00 11 Ia 0 Ib 0 0 0
0or 00 11 00 00 11 00 O1 11 Ia 0 0 0 Ib 0
00 01 11 01 00 11 00 00 11 0 Ib 0 Ia 0 0 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa SBb SBe Sca Scb Sce| Caa Cab Cac Cba Cgyb Cbe Cca Cob» Ceoe
00 o1 11 00 00 11 01 00 11 0 Ib 0 0 0 0 Ia 0 0
00 00 10 11 00 10 11 11 00 0 0 -1A 0 0 IA-Ic 0 0 0
00 00 10 O00 11 10 11 11 00 0 0 -1A 0 0 IA-Ic 0 0 0
11 1 10 00 00 10 11 00 00 0 0 IB-Ic 0 0 -IB 0 0 0
11 11 10 00 00 10 00 11 00 0 0 IB-Ic 0 0 -IB 0 0 0
1 00 10 00 O00 10 11 11 00 0 0 IB-Ic 0 0 -IB 0 0 0
00 11 10 00 00 10 11 11 00 0 0 IB-Ic 0 0 -IB 0 0 0
00 00 10 11 11 10 11 00 00 0 0 -1A 0 0 IA-Ic 0 0 0
00 00 10 11 11 10 00 11 00 0 0 -1A 0 0 IA-Ic 0 0 0
11 00 10 00 11 10 11 00 00 0 0 IB+la O 0 Ib-IB 0 0 0
00 11 10 11 00 10 11 00 00 0 0 Ib-IA 0 0 TatIA O 0 0
1 00 10 ©00 11 10 00 11 00 0 0 IalA 0 0 IA+Ib O 0 0
00 11 10 11 00 10 00 11 00 0 0 Ib+IB O 0 Ia-1B 0 0 0
00 00 10 11 00 00 11 11 10 0 0 -1A 0 0 0 0 0 IA-Ic
00 00 10 O00 11 00 11 11 10 0 0 -1A 0 0 0 0 0 IA-Ic
00 00 10 11 11 00 11 00 10 0 0 -1A 0 0 0 0 0 IA-Ic
00 00 10 11 11 00 00 11 10 0 0 -1A 0 0 0 0 0 IA-Ic
11 1 10 11 00 00 00 00 10 0 0 IC-Ic 0 0 0 0 0 -IC
11 1 10 00 11 00 00 00 10 0 0 IC-Ic 0 0 0 0 0 -IC
00 11 10 11 00 00 11 00 10 0 0 Ib-IA 0 0 0 0 0 Tat+IA
11 00 10 11 00 00 00 11 10 0 0 IC+la O 0 0 0 0 IbIC
00 11 10 00 11 00 11 00 10 0 0 IC+b 0 0 0 0 0 Ia-IC
11 00 10 00 11 00 00 11 10 0 0 IalA 0 0 0 0 0 IA+Ib
1 00 10 11 11 00 00 00 10 0 0 IC-Ic 0 0 0 0 0 -1C
00 11 10 11 11 00 00 00 10 0 0 IC-Ic 0 0 0 0 0 -IC
00 00 11 01 O01 11 00 00 11 0 0 0 Ia Ib 0 0 0 0
00 00 11 01 O00 11 00 01 11 0 0 0 Ia 0 0 0 Ib 0
00 00 11 00 O1 11 01 00 11 0 0 0 0 Ib 0 Ia 0 0
11 00 00 00 00 10 11 11 10 0 0 0 0 0 -IB 0 0 IB-Ic
00 11 00 00 00 10 11 11 10 0 0 0 0 0 -IB 0 0 IB-Ic
11 00 o00 11 00 10 00 11 10 0 0 0 0 0 IC+la O 0 TIb-IC
11 00 00 00 11 10 11 00 10 0 0 0 0 0 Ib-IB 0 0 IB+la
00 11 00 11 00 10 00 11 10 0 0 0 0 0 Ia-1B 0 0 Ib+IB
00 11 00 O00 11 10 11 00 10 0 0 0 0 0 IC+b 0 0 Ia-IC
11 11 00 00 00 10 11 00 10 0 0 0 0 0 -IB 0 0 IB-Ic
1 11 00 00 00 10 00 11 10 0 0 0 0 0 -IB 0 0 IB-Ic
11 00 o00 11 11 10 00 00 10 0 0 0 0 0 IC-Ic 0 0 -IC
00 11 00 11 11 10 00 00 10 0 0 0 0 0 IC-Ic 0 0 -IC
1 11 00 11 00 10 00 00 10 0 0 0 0 0 IC-Ic 0 0 -IC
1 1 00 00 11 10 00 00 10 0 0 0 0 0 IC-Ic 0 0 -IC
00 00 11 00 O00 11 01 o0l 11 0 0 0 0 0 0 Ia Ib 0

employ three capacitors
or o1 11 01 00 00 00 00 11 |[Ia-IB Ib 0 1B 0
o1 01 00 Ol 00 11 00 00 11 [IA-Ib Ib 0 -lcIA 0 0 0
01 01 11 00 01 00 00 00 11 Ia Ib-IB 0 0 IB 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa Sv Spc Sca Scv Sce| Caa Cab Cac Cpa Cppr Cpe Cca Cob Ccc
or 01 00 O00 O1 11 00 00 11 la IAJa O 0 -lcIA O 0 0
0or 01 11 00 00 11 01 00 00 |[IaIC Ib 0 0 0 0 IC 0 0
0or 01 00 00 00 11 01 00 11 [IAIb Ib 0 0 0 0 -IcIA O 0
or o1 11 00 00 11 00 01 00 Ia  Ib-IC 0 0 0 0 0 IC 0
o1 01 00 O00 00 11 00 O 11 la IAJa O 0 0 0 0 -IcIA O
o1 00 00 O01 O01 11 00 00 11 1A 0 0 la-IA Ib 0 0 0 0
or 00 11 01 01 00 00 00 11 [-Ic-IB O 0 IB-Ib Ib 0 0 0 0
o1 00 00 O01 O00 11 00 O 11 1A 0 0 Ia-1IA 0 0 0 Ib 0
0or 00 11 01 00 00 00 Ol 11 |IaIB 0 0 1B 0 0 0 Ib 0
or 00 00 O00 O1 11 01 00 11 1A 0 0 0 Ib 0 Ia-1IA 0 0
01 00 11 00 O1 11 01 00 00 |IaIC 0 0 0 Ib 0 IC 0 0
o1 00 11 00 01 00 00 Ol 11 Ia 0 0 0 1B 0 0 Ib-IB 0
or 00 11 00 O1 11 00 01 00 Ia 0 0 0 Ib-IC 0 0 IC 0
o1 00 00 O00 00 11 01 oO1 11 1A 0 0 0 0 0 la-IA  Ib 0
0or 00 11 00 00 11 01 0l 00 [-Ic-IC O 0 0 0 0 IC-Ib Ib 0
00 01 00 O1 O1 11 00 00 11 0 IA 0 Ia. Ib-IA O 0 0 0
00 01 11 01 O01 00 00 00 11 0 -lcIB 0 la IB-la 0 0 0 0
00 o01 11 01 00 00 01 00 11 0 Ib 0 1B 0 0 Ia-1IB 0 0
00 o01 11 01 00 11 01 00 00 0 Ib 0 Ia-IC 0 0 IC 0 0
00 01 00 Ol O00 11 00 O 11 0 1A 0 Ia 0 0 0 Ib-IA 0
00 01 11 01 00 11 00 01 00 0 Ib-IC 0 Ia 0 0 0 1C 0
00 01 00 O00 O1 11 01 00 11 0 IA 0 0 Ib-IA 0 Ia 0 0
00 01 11 00 O1 00 01 00 11 0 Ib-IB 0 0 1B 0 Ia 0 0
00 01 00 O00 00 11 01 o1 11 0 1A 0 0 0 Ia. Ib-IA O
00 o01 11 00 00 11 01 01 00 0 -leIC 0 0 0 0 Ia IC-Ia 0
11 11 10 00 00 10 00 00 10 0 0 -le-IA O -IB 0 0 0 -IC
00 00 10 O00 00 10 11 11 10 0 0 -1A 0 0 -IB 0 0 -Ic-IC
00 00 10 11 00 10 00 11 10 0 0 -1A 0 0 Ia-1B 0 0 TIb-IC
00 00 10 O00 11 10 11 00 10 0 0 -1A 0 0 Ib-IB 0 0 Ia-IC
00 11 10 00 00 10 11 00 10 0 0 Ib-IA 0 0 -IB 0 0 Ta-IC
11 00 10 00 00 10 00 11 10 0 0 IalA 0 0 -IB 0 0 TIb-IC
00 00 10 11 11 10 00 00 10 0 0 -1A 0 0 -lcIB 0 0 -IC
11 00 10 00 11 10 00 00 10 0 0 IalA 0 0 Ib-IB 0 0 -1C
00 11 10 11 00 10 00 00 10 0 0 IbIA O 0 Ia-1B 0 0 -IC
00 00 11 01 O01 00 01 00 11 0 0 0 IB-Ib Ib 0 -lcIB O 0
00 00 11 01 O01 11 01 00 00 0 0 0 Ia-IC Ib 0 IC 0 0
00 00 11 01 01 00 00 Ol 11 0 0 0 Ia IB-Ia 0 0 -le-IB O
00 00 I 01l Ol 11 00 Ol 00 0 0 0 la Ib-IC 0 0 1C 0
00 00 11 01 00 00 01 oO1 11 0 0 0 1B 0 0 Ia-IB  Ib 0
00 00 11 01 00 11 01 01 00 0 0 0 -le-IC O 0 IC-Ib  Ib 0
00 00 I 00 O1 00 01 O 11 0 0 0 0 1B 0 la Ib-IB 0
00 00 11 00 01 11 01 01 00 0 0 0 0 -Ic-IC 0 Ia IC-lIa 0

employ four capacitors
01 01 11 0l 00 00 01 00 00 [Ia+IA Ib 0 1B 0 0 IC 0 0
01 01 00 O1 00 00 01 00 11 |IA-Ib Ib 0 1B 0 0 IC-Ic 0

234



States of switch cell

Current through capacitor

Saa Sab Sac SBa SBb SBe Sca Scb Sce| Caa Cab Cac CBa Oy Cbe Cca Ceob Cee
01 01 00 01 00 11 01 00 00 | IA-Ib Ib 0 IB-Ic 0 0 1C 0 0
01 01 11 01 00 00 00 01 00 | Ia-IB Ib-IC 0 1B 0 0 I1C 0
01 01 00 01 00 00 00 01 11 | Ia-IB -Ia-IC 0 1B 0 0 IC-Ic 0
01 01 00 01 00 11 00 01 00 |-Ib-IB Ib-IC 0 IB-Ic 0 0 IC 0
01 01 11 00 01 00 01 00 00 | Ia-IC Ib-IB 0 0 IB 0 1C 0
01 0or 00 00 01 00 01 00 11 | -Ib-IC Ib-IB 0 0 1B 0 IC-Ic 0
01 01 00 00 01 11 01 00 00 | Ia-IC -Ia-IB 0 0 IB-Ic 0 1C 0
01 01 11 00 01 00 00 01 00 Ia IA+Ib 0 0 1B 0 0 IC 0
01 01 00 00 01 00 00 01 11 Ia TA-Ta 0 0 1B 0 0 IC-Ic 0
01 01 00 00 01 11 00 01 00 Ia TIA-Ia 0 0 IB-Ic 0 0 IC 0
01 00 00 01 01 00 01 00 11 1A 0 0 IB-Ib Ib 0 IC-Ic 0 0
01 00 00 01 01 11 01 00 00 1A 0 0 Ta+IB Ib 0 1C 0 0
01 00 11 01 01 00 01 00 00 | IA-Ic 0 0 IB-Ib Ib 0 1C 0 0
01 00 00 01 01 00 00 01 11 1A 0 0 la-TIA -lIa-IC 0 0 IC-Ic 0
01 00 00 01 01 11 00 01 00 1A 0 0 TIa-IA Ib-IC 0 0 IC 0
01 00 11 01 01 00 00 01 00 | IA-Ic 0 0 -Ib-IA Ib-IC 0 0 IC 0
01 00 00 01 00 00 01 01 11 1A 0 0 1B 0 0 Ta+IC Ib 0
01 00 00 01 00 11 01 01 00 1A 0 0 IB-Ic 0 0 IC-Ib Ib 0
01 00 11 01 00 00 01 01 00 | IA-Ic 0 0 1B 0 0 IC-Ib Ib 0
01 00 00 00 01 00 01 01 11 1A 0 0 0 1B 0 Ia-IA Ib-IB 0
01 00 00 00 01 11 01 01 00 1A 0 0 0 IB-Ic 0 Ia-TA -lIa-IB 0
01 00 11 00 01 00 01 01 00 | IA-Ic 0 0 0 1B 0 -Ib-IA Ib-IB 0
00 01 00 01 01 00 01 00 11 0 1A 0 -Ib-IC Ib-1A 0 IC-Ic 0 0
00 01 00 O1 01 11 01 00 00 0 1A 0 Ia-IC  Ib-IA 0 1C 0 0
00 01 11 01 01 00 01 00 00 0 TIA-Ic 0 la-IC -lIa-IA 0 1C 0 0
00 01 00 01 01 00 00 01 11 0 1A 0 Ta IB-Ia 0 0 IC-Ic 0
00 01 00 oO1 01 11 00 01 00 0 1A 0 Ia  Ib+IB 0 0 IC 0
00 01 11 01 01 00 00 01 00 0 TIA-Ic 0 la IB-Ia 0 0 IC 0
00 01 00 01 00 00 01 01 11 0 1A 0 1B 0 0 Ia-IB Ib-1A 0
00 01 00 01 00 11 01 01 00 0 1A 0 IB-Ic 0 0 -Ib-IB  Ib-1A 0
00 01 11 01 00 00 01 01 00 0 TIA-Ic 0 1B 0 0 la-IB -Ia-IA 0
00 01 00 00 01 00 01 01 11 0 1A 0 1B 0 Ia  IC+Ib 0
00 01 00 00 oO1 11 01 01 00 0 1A 0 IB-Ic 0 Ia IC-Ia 0
00 01 11 00 01 00 01 01 00 0 TIA-Ic 0 1B 0 Ia IC-Ia 0
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Table B.6: Switching device combinations for (Vag,Vec,Vea) = (0,0,0)

and (V;zb"/bc"/ca) = (‘/capa_‘/::ap,o)-

States of switch cell

Current through capacitor

Saa Sab Sac Spa SBb Spe Sca Scb Scc| Caa Cab Cac Cpa Cpb Cge Cca Cob Cee
employ single capacitor
11 01 11 11 00 00 11 00 00 0 Ib 0 0 0 0 0 0 0
11 o1 11 11 00 00 00 00 11 0 Ib 0 0 0 0 0 0 0
1 o1 11 00 00 11 11 00 00 0 Ib 0 0 0 0 0 0 0
11 01 11 00 00 11 00 00 11 0 Ib 0 0 0 0 0 0 0
1 01 00 11 00 00 11 00 11 0 Ib 0 0 0 0 0 0 0
00 01 11 11 00 00 11 00 11 0 Ib 0 0 0 0 0 0 0
11 01 00 O00 00 11 11 00 11 0 Ib 0 0 0 0 0 0 0
00 o1 11 00 00 11 11 00 11 0 Ib 0 0 0 0 0 0 0
1 01 00 11 00 11 11 00 00 0 Ib 0 0 0 0 0 0 0
o0 01 11 11 00 11 11 00 00 0 Ib 0 0 0 0 0 0 0
11 01 00 11 00 11 00 00 11 0 Ib 0 0 0 0 0 0 0
00 01 11 11 00 11 00 00 11 0 Ib 0 0 0 0 0 0 0
11 00 00 11 01 00 11 00 11 0 0 0 0 Ib 0 0 0 0
11 00 00 o00 O01 11 11 00 11 0 0 0 0 Ib 0 0 0 0
00 o0 11 11 01 00 11 00 11 0 0 0 0 Ib 0 0 0 0
060 o0 11 00 01 11 11 00 11 0 0 0 0 Ib 0 0 0 0
1 00 o00 11 01 11 11 00 00 0 0 0 0 Ib 0 0 0 0
00 00 11 11 01 11 11 00 00 0 0 0 0 Ib 0 0 0 0
11 00 00 11 01 11 00 00 11 0 0 0 0 Ib 0 0 0 0
00 o0 11 11 01 11 00 00 11 0 0 0 0 Ib 0 0 0 0
11 00 11 11 01 00 11 00 00 0 0 0 0 Ib 0 0 0 0
11 00 11 00 O01 11 11 00 00 0 0 0 0 Ib 0 0 0 0
11 00 11 11 01 00 00 00 11 0 0 0 0 Ib 0 0 0 0
11 00 11 00 01 11 00 00 11 0 0 0 0 Ib 0 0 0 0
11 00 00 11 00 00 11 01 11 0 0 0 0 0 0 0 Ib 0
11 00 00 O00 o00 11 11 01 11 0 0 0 0 0 0 0 Ib 0
00 00 11 11 00 00 11 Ol 11 0 0 0 0 0 0 0 Ib 0
00 o0 11 00 00 11 11 oO1 11 0 0 0 0 0 0 0 Ib 0
1 00 o00 11 00 11 11 01 00 0 0 0 0 0 0 0 Ib 0
1 00 00 11 00 11 00 Ol 11 0 0 0 0 0 0 0 Ib 0
060 o0 11 11 00 11 11 01 00 0 0 0 0 0 0 0 Ib 0
00 o0 11 11 00 11 00 Ol 11 0 0 0 0 0 0 0 Ib 0
11 00 11 11 00 00 11 0l 00 0 0 0 0 0 0 0 Ib 0
1 00 11 11 00 00 00 Ol 11 0 0 0 0 0 0 0 Ib 0
11 00 11 00 00 11 11 01 00 0 0 0 0 0 0 0 Ib 0
11 00 11 00 00 11 00 01 11 0 0 0 0 0 0 0 Ib 0
employ two capacitors
0 11 1 00 11 00 00 11 00 -la 0 -Ic 0 0 0 0 0 0
10 11 00 00 11 10 00 11 00 -la 0 0 -Ic 0 0 0
10 11 00 00 11 00 00 11 10 -la 0 0 0 0 0 0 -Ic
00 01 o0 11 01 00 11 00 11 0 1A 0 IbIA 0 0 0 0
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States of switch cell

Current through capacitor

Saa Sav Sac Spa Spb SBe Sca Scb Scc| Caa Cav Cac CBa Cy Cge Cca Ccb Cee
00 01 00 O00 O01 11 11 00 11 0 1A 0 0 IbIA 0 0 0 0
11 01 11 00 01 00 11 00 00 0 Ib-IB 0 0 1B 0 0 0 0
11 01 11 00 01 00 00 00 11 0 Ib-IB 0 0 1B 0 0 0 0
1101 00 00 01 00 11 00 11 0 Ib-IB 0 0 1B 0 0 0 0
00 01 11 00 01 00 11 00 11 0 Ib-IB 0 0 1B 0 0 0 0
00 01 o00 11 01 11 11 00 00 0 1A 0 0 IbIA O 0 0 0
00 01 o00 11 01 11 00 00 11 0 1A 0 0 IbIA 0 0 0 0
11 01 00 o00 O01 11 11 00 00 0 -laIB 0 0 IB-Ic 0 0 0 0
00 01 11 11 01 00 11 00 00 0 IAIc O 0 -lalA 0 0 0 0
1101 00 O00 O01 11 00 00 11 0 IAJa O 0 -lc-IA 0 0 0 0
00 01 11 11 01 00 00 00 11 0 -lcIB 0 0 IB-Ia 0 0 0 0
00 01 00 11 00 00 11 Ol 11 0 1A 0 0 0 0 0 IbIA 0
00 01 00 O00 00 11 11 oO1 11 0 1A 0 0 0 0 0 TIbIA 0
00 01 00 11 00 11 11 01 00 0 1A 0 0 0 0 0 IbIA 0
00 01 00 11 00 11 00 O 11 0 1A 0 0 0 0 0 IbIA 0
1 o1 11 11 00 00 00 Ol 00 0 IbIC O 0 0 0 0 IC 0
11 01 11 00 00 11 00 Ol 00 0 IbIC © 0 0 0 0 IC 0
00 01 11 11 00 00 11 0Ol 00 0 IAIc O 0 0 0 0 -lalA 0
11 01 00 11 00 00 00 Ol 11 0 -laIC 0 0 0 0 0 IC-Ic 0
00 01 11 00 O00 11 11 01 00 0 -lcIC 0 0 0 0 0 ICla 0
11 01 00 00 00 11 00 O1 11 0 IAJa O 0 0 0 0 -Ic-IA 0
101 o00 11 00 11 00 Ol 00 0 IbIC O 0 0 0 0 IC 0
00 01 11 11 00 11 00 Ol 00 0 IbIC © 0 0 0 0 IC 0
00 11 10 10 11 00 00 11 00 0 0 -Ic -la 0 0 0 0 0
00 11 10 00 11 00 10 11 00 0 0 -Ic 0 0 0 -la 0 0
00 11 00 10 11 10 00 11 00 0 0 0 -la 0 -Ic 0 0 0
00 11 00 10 11 00 00 11 10 0 0 0 -la 0 0 0 0 -Ic
11 00 00 O00 01 00 11 01 11 0 0 0 0 1B 0 0 Ib-IB 0
00 00 11 00 01 00 11 Ol 11 0 0 0 0 1B 0 0 Ib-IB 0
11 00 00 11 01 00 00 Ol 11 0 0 0 0 -laIC 0 0 IC-Ic 0
1100 o0 O00 O01 11 11 01 00 0 0 0 0 IB-Ic 0 0 -laIB 0
00 00 11 11 01 00 00 Ol 11 0 0 0 0 IB-Ia 0 0 -IcIB 0
00 00 11 00 O1 11 11 01 00 0 0 0 0 -lcIC 0 0 IC-la 0
11 00 11 00 01 00 11 01 00 0 0 0 0 1B 0 0 Ib-IB 0
11 00 11 00 01 00 00 Ol 11 0 0 0 0 1B 0 0 Ib-IB 0
11 00 o00 11 01 11 00 Ol 00 0 0 0 0 IbIC 0 0 IC 0
00 o0 11 11 01 11 00 Ol 00 0 0 0 0 Ib-IC 0 0 IC 0
11 00 11 11 01 00 00 Ol 00 0 0 0 0 Ib-IC 0 0 IC 0
11 00 11 00 01 11 00 Ol 00 0 0 0 0 IbIC 0 0 IC 0
00 11 00 00 11 10 10 11 00 0 0 0 0 0 -Ic -la 0
00 11 00 00 11 00 10 11 10 0 0 0 0 0 0 -la -Ic

employ three capacitors
0 11 10 10 00 00 00 11 00 |IB-Ia 0 -Ic -1B 0 0
10 00 10 10 11 00 00 11 00 |IcIA 0 e IA+Ib 0 0 0
10 11 10 00 00 10 00 11 00 -la 0 IB-Ic 0 0 -IB 0
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States of switch cell

Current through capacitor

Saa Sab Sac SBa SBb SBe Sca Scv Sce| Caa Capr Cac Cpa Cp Cpe Cca Cob Ccc
0 00 10 00 11 10 00 11 00 -la 0 IalA O 0 IA+Ib O 0
0o 11 1 00 11 00 10 00 00 |IC-Ia 0 -Ic 0 0 0 -IC 0
10 00 10 00 11 00 10 11 00 |IcIA O -Ic 0 0 0 IA+Ib 0
0 11 10 00 11 00 00 00 10 -la 0 IC-Ic 0 0 0 0 0 -IC
10 00 10 00 11 00 00 11 10 -la 0 IalA O 0 0 0 0 IA+Ib
0 00 00 10 11 10 00 11 00 | -IA 0 0 IAJa O -Ic 0 0 0
10 11 00 10 00 10 00 11 00 [Ib+4IB O 0 Ic-IB 0 -Ic 0 0 0
10 00 00 10 11 00 00 11 10 | -IA 0 0 IAla O 0 0 0 -Ic
0 11 00 10 00 00 00 11 10 |IB-Ia 0 0 -IB 0 0 0 0 -Ic
10 00 00 O00 11 10 10 11 00 | -IA 0 0 0 0 e IA-la 0O 0
0 11 00 00 11 10 10 00 00 |IC-Ia 0 0 0 0 -Ic -IC 0 0
0 11 00 O00 O00 10 00 11 10 -la 0 0 0 0 -IB 0 0 IB-Ic
0 11 00 00 11 10 00 00 10 -la 0 0 0 0 IC-Ic 0 0 -IC
10 00 00 O00 11 00 10 11 10 | -IA 0 0 0 0 0 IAJla O -Ic
100 11 00 00 11 00 10 00 10 [IC+Ib O 0 0 0 0 IcIC 0 -Ic
00 01 00 O00 01 00 11 Ol 11 0 1A 0 0 1B 0 0 IC+b 0
00 01 00 11 01 00 00 O 11 0 1A 0 0 IB-la 0 0 IC-Ic 0
00 01 00 O00 O1 11 11 01 00 0 1A 0 0 IB-Ic 0 0 ICla 0
11 01 11 00 01 00 00 Ol 00 0 Ib+IA 0 0 1B 0 0 IC 0
00 01 11 00 O01 00 11 01 00 0 IAIlc O 0 1B 0 0 ICla O
11 01 00 00 01 00 00 O 11 0 IAJa O 0 1B 0 0 IC-Ic 0
00 01 o00 11 01 11 00 Ol 00 0 1A 0 0 Ib+IB 0 0 IC 0
1101 00 00 O01 11 00 Ol 00 0 IAJa O 0 IB-Ic 0 0 IC 0
00 01 11 11 01 00 00 Ol 00 0 IAIc O 0 IB-Ia 0 0 IC 0
00 00 10 10 11 10 00 11 00 0 0 -1A -la 0 IAIc O 0 0
00 11 10 10 00 10 00 11 00 0 0 Ib+IB -la 0 Ia-1B 0 0 0
00 11 10 10 00 00 10 11 00 0 0 -Ic -IB 0 0 IB-la 0 0
00 11 10 10 11 00 10 00 00 0 0 -Ic IC-Ia 0 0 -IC 0 0
00 00 10 10 11 00 00 11 10 0 0 -1A -la 0 0 0 0 IA-Ic
00 11 10 10 11 00 00 00 10 0 0 IC-Ic  -Ia 0 0 0 0 -IC
00 00 10 O00 11 10 10 11 00 0 0 -1A 0 0 IAIc -la 0 0
00 11 10 00 O00 10 10 11 00 0 0 IB-Ic 0 0 -IB -la 0 0
00 00 10 O00 11 00 10 11 10 0 0 -1A 0 0 0 -la 0 IA-Ic
00 11 10 00 11 00 10 00 10 0 0 IC+b 0 0 0 -la 0 Ia-IC
00 11 00 10 00 10 10 11 00 0 0 0 Ic-IB 0 e Ib+IB 0 0
00 11 00 10 11 10 10 00 00 0 0 0 ICla 0 -Ic -IC 0 0
00 11 00 10 00 10 00 11 10 0 0 0 -la 0 Ia-IB 0 0 Ib+IB
00 11 00 10 11 10 00 00 10 0 0 0 -la 0 IC-Ic 0 0 -IC
00 11 00 10 00 00 10 11 10 0 0 0 -IB 0 0 IB-la 0 -Ic
00 11 00 10 11 00 10 00 10 0 0 0 IC+b 0 0 IcIC 0 -Ic
00 11 00 O00 O00 10 10 11 10 0 0 0 0 0 -IB -la 0 IB-Ic
00 11 00 00 11 10 10 00 10 0 0 0 0 0 IC+Ib -Ia 0 Ia-IC

employ four capacitors

0 11 10 10 00 00 10 00 00 |-laJA O -Ic -1B 0 0 -IC 0
10 00 10 10 00 00 10 11 00 | Ic-IA 0 -Ic -IB 0 0 Ib-IC
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States of switch cell

Current through capacitor

Saa Sab Sac SBa SBb SBe Sca Scv Sce| Caa Cab Cac Cpa Csyb Cpe Cca Cebv Cec
10 00 10 10 11 00 10 00 00 | Ic-1A 0 -Ic  Ib-IB 0 0 -IC 0 0
10 11 10 10 00 00 00 00 10 | IB-Ia 0 IC-Ic -IB 0 0 0 -IC
10 00 10 10 00 00 00 11 10 | IB-Ia 0 Ta+IC -IB 0 0 0 Ib-IC
10 00 10 10 11 00 00 00 10 | Ic+IB 0 IC-Ic Ib-IB 0 0 0 -IC
10 11 10 00 00 10 10 00 00 | IC-Ia 0 IB-Ic 0 0 -IB -IC 0
10 00 10 00 00 10 10 11 00 | Ic+IC 0 IB-Ic 0 0 -IB  Ib-IC 0
10 00 10 00 11 10 10 00 00 | IC-Ia 0 la+IB 0 0 Ib-IB  -IC 0
10 11 10 00 00 10 00 00 10 -la 0 -Ic-TIA 0 0 -IB 0 0 -IC
10 00 10 00 00 10 00 11 10 -la 0 Ta-TA 0 0 -IB 0 0 Ib-IC
10 00 10 00 11 10 00 00 10 -la 0 Ta-TA 0 0 Ib-1B 0 0 -IC
10 00 00 10 00 10 10 11 00 -IA 0 0 Ic-IB 0 -Ic Ib-IC 0 0
10 00 00 10 11 10 10 00 00 -IA 0 0 -Ia-1B 0 -Ic -IC 0 0
10 11 00 10 00 10 10 00 00 | Ib-IA 0 0 Ic-IB 0 -Ic -IC 0 0
10 00 00 10 00 10 00 11 10 -IA 0 0 IA-Ta 0 Ta+IC 0 0 Ib-IC
10 00 00 10 11 10 00 00 10 -IA 0 0 IA-Ta 0 IC-Ic 0 0 -IC
10 11 00 10 00 10 00 00 10 | Ib-IA 0 0 Ic+IA 0 IC-Ic 0 0 -IC
10 00 00 10 00 00 10 11 10 -IA 0 0 -IB 0 0 -la-IC 0 -Ic
10 00 00 10 11 00 10 00 10 -IA 0 0 Ib-IB 0 0 Ic-IC 0 -Ic
10 11 00 10 00 00 10 00 10 | Ib-IA 0 0 -IB 0 0 Ic-IC 0 -Ic
10 00 00 00 00 10 10 11 10 -IA 0 0 0 0 -IB  IA-Ia 0 IB-Ic
10 00 00 00 11 10 10 00 10 -IA 0 0 0 0 Ib-IB IA-Ia 0 Ta+IB
10 11 00 00 00 10 10 00 10 | Ib-IA 0 0 0 0 -IB  Ic+IA 0 1B-Ic
00 00 10 10 00 10 10 11 00 0 0 -IA - Ie+IC 0 IA-Ic Ib-IC 0 0
00 00 10 10 11 10 10 00 00 0 0 -IA IC-Ia 0 IA-Ic  -IC 0 0
00 11 10 10 00 10 10 00 00 0 0 Ib-IA IC-Ia 0 Ta+IA -IC 0 0
00 00 10 10 00 10 00 11 10 0 0 -IA -la 0 Ta-IB 0 0 Ib-IC
00 00 10 10 11 10 00 00 10 0 0 -IA -Ia 0 -Ic-IB 0 0 -IC
00 11 10 10 00 10 00 00 10 0 0 Ib-IA  -la 0 Ta-IB 0 0 -IC
00 00 10 10 00 00 10 11 10 0 0 -IA -IB 0 0 IB-Ia 0 1A-Ic
00 00 10 10 11 00 10 00 10 0 0 -IA  Ib-IB 0 0 Ic+IB 0 TIA-Ic
00 11 10 10 00 00 10 00 10 0 0 Ib-IA  -IB 0 0 IB-Ia 0 Ta+IA
00 00 10 00 00 10 10 11 10 0 0 -IA 0 -IB -la 0 -Ic-IC
00 00 10 00 11 10 10 00 10 0 0 -IA 0 Ib-IB -la 0 Ta-IC
00 11 10 00 00 10 10 00 10 0 0 Ib-1A 0 -1B -la 0 Ia-IC
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Table B.7: Switching device combinations for (Vap,Vic,Veoa) =

(+‘/cap,o,_‘/cap) and (V;zba‘/bc"/ca) = (0,0,0)

States of switch cell

Current through capacitor

Saa Sab Sac Spa Seb Spc Sca Scb Scc| Caa Cab Cac Cpa Cpb Cge Cca Cob Cee
employ single capacitor
01 00 00 11 00 00 11 11 11 1A 0 0 0 0 0 0 0 0
0or o0 00 00 11 00 11 11 11 IA 0 0 0 0 0 0 0 0
01 00 00 00 00 11 11 11 11 IA 0 0 0 0 0 0 0 0
01 00 00 11 11 00 11 00 11 1A 0 0 0 0 0 0 0 0
0or o0 o00 11 11 00 00 Il 11 1A 0 0 0 0 0 0 0 0
0or 00 00 11 ©00 11 11 11 00 1A 0 0 0 0 0 0 0 0
0or o0 o00 11 00 11 00 11 11 IA 0 0 0 0 0 0 0 0
0r o0 o00 00 11 11 11 11 00 IA 0 0 0 0 0 0 0 0
0L 00 00 00 11 11 11 00 11 1A 0 0 0 0 0 0 0 0
or 00 o00 11 11 11 11 00 00 IA 0 0 0 0 0 0 0 0
0or o0 o00 11 11 11 00 11 00 IA 0 0 0 0 0 0 0 0
0r 00 O00 11 11 11 00 00 11 1A 0 0 0 0 0 0 0 0
060 01 00 11 00 00 11 11 11 0 1A 0 0 0 0 0 0 0
00 o1 o0 00 11 00 11 11 11 0 1A 0 0 0 0 0 0 0
060 01 00 00 00 11 11 11 11 0 1A 0 0 0 0 0 0 0
00 01 o00 11 11 00 11 00 11 0 1A 0 0 0 0 0 0 0
o0 o1 o0 11 11 00 00 11 11 0 1A 0 0 0 0 0 0 0
00 01 00 11 00 11 11 11 00 0 1A 0 0 0 0 0 0 0
00 01 o00 11 00 11 00 11 11 0 1A 0 0 0 0 0 0 0
o0 01 o00 00 11 11 11 11 00 0 1A 0 0 0 0 0 0 0
00 01 00 O00 11 11 11 00 11 0 1A 0 0 0 0 0 0 0
o0 01 o00 11 11 11 11 00 00 0 1A 0 0 0 0 0 0 0
o0 01 o00 11 11 11 00 11 00 0 1A 0 0 0 0 0 0 0
00 01 00 11 11 11 00 00 11 0 1A 0 0 0 0 0 0 0
060 00 o01 11 00 00 11 11 11 0 0 1A 0 0 0 0 0 0
00 o0 o0 o00 11 00 11 11 11 0 0 1A 0 0 0 0 0 0
00 00 01 o00 00 11 11 11 11 0 0 1A 0 0 0 0 0 0
060 o0 o01 11 11 00 11 00 11 0 0 1A 0 0 0 0 0 0
00 o0 oO1 11 11 00 00 Il 11 0 0 1A 0 0 0 0 0 0
060 00 01 11 00 11 11 11 00 0 0 1A 0 0 0 0 0 0
060 00 01 11 00 11 00 11 11 0 0 1A 0 0 0 0 0 0
00 o0 o0 O00 11 11 11 11 00 0 0 1A 0 0 0 0 0 0
00 00 01 o00 11 11 11 00 11 0 0 1A 0 0 0 0 0 0
00 o0 oO1 11 11 11 11 00 00 0 0 1A 0 0 0 0 0 0
00 o0 oO1 11 11 11 00 11 00 0 0 1A 0 0 0 0 0 0
00 00 O1 11 11 11 00 00 11 0 0 1A 0 0 0 0 0 0
employ two capacitors
0r o1 00 11 00 00 11 00 11 [IA-Ib Ib 0 0 0 0 0 0 0
o1 o1 00 11 00 00 00 11 11 |Ia-IB -laJC O 0 0 0 0 0 0
0r 01 00 O00 11 00 11 00 11 [-Ib-IC Ib-IB 0 0 0 0 0 0 0
0or o1 00 O00 11 00 00 11 11 la IA-Ia O 0 0 0 0 0 0
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States of switch cell

Current through capacitor

Saa Sav Sac Spa Spb SBe Sca Scb Scc| Caa Cav Cac CBa Csy Cge Cca Ccb Cee
0r 01 00 O00 O00 11 11 00 11 [IA-Ib Ib 0 0 0 0 0 0 0
0r 01 00 O00 00 11 00 Il 11 la IAla O 0 0 0 0 0 0
0or o1 00 11 00 11 11 00 00 [IA-Ib Ib 0 0 0 0 0 0 0
0r o1 00 O00 11 11 11 00 00 |Ia-IC -la-IB O 0 0 0 0 0 0
0r 01 00 11 00 11 00 11 00 [-Ib-IB Ib-IC O 0 0 0 0 0 0
0or 01 00 00 11 11 00 11 00 la IAla O 0 0 0 0 0 0
0r o1 00 11 00 11 00 00 11 [IA-Ib Ib 0 0 0 0 0 0 0
0r 01 00 00 11 11 00 00 11 la IAla O 0 0 0 0 0 0
01 00 Ol 11 00 00 11 11 00 |IA-Ic 0 Ic 0 0 0 0 0 0
0r o0 01 11 00 00 00 11 11 |Ia-IB 0 -laIC 0 0 0 0 0 0
0l 00 Ol 00 11 00 11 Il 00 |IA-Ic 0 Ic 0 0 0 0 0 0
0r o0 o0 o00 11 00 00 II 11 Ia 0 IAJa O 0 0 0 0 0
0r 00 O 00 00 11 11 Il 00 [-lcIC O Ic-1B 0 0 0 0 0 0
0r 00 Ol ©00 00 11 00 Il 11 Ia 0 IAJa O 0 0 0 0 0
0r 00 O01 11 11 00 11 00 00 |IA-Ic 0 Ic 0 0 0 0 0 0
0r o0 01 00 11 11 11 00 00 |Ia-IC 0 -laIB 0 0 0 0 0 0
0l 00 Ol 11 11 00 00 11 00 |IA-Ic 0 Ic 0 0 0 0 0 0
0r o0 o0 O00 11 11 00 11 00 Ia 0 IAJa O 0 0 0 0 0
0or o0 o01 11 11 00 00 00 11 [-Ic-IB O Ic-IC 0 0 0 0 0 0
0r 00 O01 o00 11 11 00 00 11 Ia 0 IAJa O 0 0 0 0 0
00 01 01 11 00 00 11 11 00 0 IAIc Ic 0 0 0 0 0 0
o0 01 oO1 11 00 00 11 00 11 0 Ib IAIb O 0 0 0 0 0
00 01 01 O00 11 00 11 11 00 0 IAIc Ic 0 0 0 0 0 0
00 01 o1 o00 11 00 11 00 11 0 Ib-IB -Ib-IC O 0 0 0 0 0
00 01 o0 O00 O00 11 11 11 00 0 -Ic-IC Ic-IB 0 0 0 0 0 0
00 01 01 00 00 11 11 00 11 0 b IAIb O 0 0 0 0 0
00 01 oO01 11 11 00 11 00 00 0 IAIc Ic 0 0 0 0 0 0
o0 o1 oO1 11 00 11 11 00 00 0 Ib IAIb O 0 0 0 0 0
00 01 Ol 11 11 00 00 11 00 0 IAIc Ic 0 0 0 0 0 0
00 01 o1 11 00 11 00 11 00 0 Ib-IC -Ib-IB 0 0 0 0 0 0
o0 o1 o01 11 11 00 00 00 11 0 -Ic-IB Ic-IC 0 0 0 0 0 0
00 01 O01 11 00 11 00 00 11 0 b IAIb O 0 0 0 0 0
1 11 11 10 00 00 10 00 00 0 0 0 -IB 0 0 -IC 0 0
1 11 11 10 00 00 00 10 00 0 0 0 -1B 0 0 0 -IC 0
1 11 11 10 00 00 00 00 10 0 0 0 -IB 0 0 0 0 -IC
1 11 11 00 10 00 10 00 00 0 0 0 0 -IB 0 -IC 0 0
1 11 11 00 10 00 00 10 00 0 0 0 0 -IB 0 0 -IC 0
1 11 11 00 10 00 00 00 10 0 0 0 0 -IB 0 0 0 -IC
11 11 11 00 00 10 10 00 00 0 0 0 0 -IB -IC 0 0
1 11 11 00 00 10 00 10 00 0 0 0 0 -IB 0 -IC 0
11 11 11 00 00 10 00 00 10 0 0 0 0 -IB 0 0 -IC

employ three capacitors
0r o1 o01 11 00 00 11 00 00 [IA+la Ib Ic 0
0r 01 01 11 00 00 00 11 00 |Ia-IB Ib-IC Ic 0 0
01 01 01 11 00 00 00 00 11 |Ia-IB Ib Ic-IC 0 0 0 0 0

241



States of switch cell

Current through capacitor

Saa Sab Sac SBa SBb SBe Sca Scv Sce| Caa Car Cac Cpa Cp Cpe Cca Cob Ccec
0r 01 01 00 11 00 11 00 00 |Ia-IC Ib-IB Ic 0 0 0 0 0 0
0r 01 01 00 11 00 00 11 00 la IA+Ib Ic 0 0 0 0 0 0
0r o1 o0 ©00 11 00 00 00 11 Ia Ib-IB Ic-IC 0 0 0 0 0 0
0r 01 01 00 00 11 11 00 00 |Ia-IC Ib Ic-IB 0 0 0 0 0 0
0r 01 01 00 O00 11 00 11 00 Ia  Ib-IC Ic-IB 0 0 0 0 0 0
0r 01 01 00 00 11 00 00 11 Ia Ib IA+lc O 0 0 0 0 0
11 00 11 10 10 00 10 00 00 0 0 0 Ib-IB  -Ib 0 -IC 0 0
00 11 11 10 10 00 10 00 00 0 0 0 IC-la Ta+IA 0 -IC 0 0
11 00 11 10 10 00 00 10 00 0 0 0 Ib+IA IC-Ib 0 0 -1C 0
00 11 11 10 10 00 00 10 00 0 0 0 -la Ia-IB 0 -IC 0
11 00 11 10 10 00 00 00 10 0 0 0 Ib-IB -Ib 0 -IC
00 11 11 10 10 00 00 00 10 0 0 0 -la Ia-IB 0 -IC
1 1 00 10 00 10 10 00 00 0 0 0 Ic-IB 0 -Ic -IC
00 11 11 10 00 10 10 00 00 0 0 0 ICla 0 TIatlA -IC
1 11 00 10 00 10 00 10 00 0 0 0 Ic-IB 0 -Ic 0 -IC
o0 11 11 10 00 10 00 10 00 0 0 0 -la 0 Ia-1B 0 -IC
1 11 00 10 00 10 00 00 10 0 0 0 Ic+tIA 0 IC-Ic 0 0 -IC
00 11 11 10 00 10 00 00 10 0 0 0 -la 0 Ia-1B 0 0 -IC
11 00 11 10 00 00 10 10 00 0 0 0 -IB 0 0 IbIC -Ib 0
00 11 11 10 00 00 10 10 00 0 0 0 -IB 0 0 IB-la Ia+tIA 0
11 11 00 10 00 00 10 00 10 0 0 0 -IB 0 0 IcIC 0 -Ic
00 11 11 10 00 00 10 00 10 0 0 0 -1B 0 0 IB-Ia 0 IatIA
1 11 00 10 00 00 00 10 10 0 0 0 -1B 0 0 0 Ie-IC  -Ic
11 00 11 10 00 00 00 10 10 0 0 0 -IB 0 0 0 -Ib  Ib-IC
1 11 00 00 10 10 10 00 00 0 0 0 0 Ie-IB  -Ic -IC 0 0
11 00 11 00 10 10 10 00 00 0 0 0 0 -Ib  Ib-IB  -IC 0 0
11 11 00 00 10 10 00 10 00 0 0 0 0 Ic-IB  -Ic 0 -IC 0
11 00 11 00 10 10 00 10 00 0 0 0 0 IC-Ib Ib+IA O -IC 0
1 11 00 00 10 10 00 00 10 0 0 0 0 Ic+IA IC-Ic 0 0 -IC
11 00 11 00 10 10 00 00 10 0 0 0 0 -Ib  Ib-IB 0 0 -1C
11 00 11 00 10 00 10 10 00 0 0 0 0 -IB 0 Ib+IA IB-Ib O
00 11 11 00 10 00 10 10 00 0 0 0 0 -IB 0 -la Ta-IC 0
1 11 00 00 10 00 10 00 10 0 0 0 0 -IB 0 IcIC 0 -Ic
00 11 11 00 10 00 10 00 10 0 0 0 0 -IB 0 -la 0 Ia-IC
11 11 00 00 10 00 00 10 10 0 0 0 0 -IB 0 0 Ie-IC  -Ic
11 00 11 00 10 00 00 10 10 0 0 0 0 -IB 0 0 IB-Ib Ib+IA
11 00 11 00 00 10 10 10 00 0 0 0 0 0 -IB Ib-IC  -Ib 0
00 11 11 00 00 10 10 10 00 0 0 0 0 0 -IB -la Ia-IC 0
11 11 00 00 O00 10 10 00 10 0 0 0 0 0 -IB Ie+IA 0O IB-Ic
00 11 11 00 00 10 10 00 10 0 0 0 0 0 -IB -la 0 Ia-IC
11 11 00 00 O00 10 00 10 10 0 0 0 0 0 -IB 0 Ic+IA IB-Ic
11 00 11 00 00 10 00 10 10 0 0 0 0 0 -IB 0 -Ib  Ib-IC

employ four capacitors
11 00 00 10 10 10 10 00 00 0 0 0 -laIB -Ib -Ic -IC 0
00 11 00 10 10 10 10 00 00 0 0 0 IC-Ia IA-Ib -Ic -IC 0
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States of switch cell Current through capacitor

Saa Sab Sac Spa SBv SBe Sca Scv Sce| Caa  Cap Cac Cpa Cpy Cge Cca Ccbv Ccc

060 00 11 10 10 10 10 00 00
1 00 00 10 10 10 00 10 00
60 11 00 10 10 10 00 10 00
060 o0 11 10 10 10 00 10 00
1 00 00 10 10 10 00 00 10
060 11 00 10 10 10 00 00 10
00 00 11 10 10 10 00 00 10
1 00 00 10 10 00 10 00 10
060 11 00 10 10 00 10 00 10
060 00 11 10 10 00 10 00 10
1 00 00 10 10 00 00 10 10
060 11 00 10 10 00 00 10 10
060 00 11 10 10 00 00 10 10
1 00 00 10 00 10 10 10 00
060 00 11 10 00 10 10 10 00
00 11 00 10 00 10 10 10 00
11 00 00 10 00 10 00 10 10
060 11 00 10 00 10 00 10 10
00 00 11 10 00 10 00 10 10
11 00 00 10 00 00 10 10 10
060 11 00 10 00 00 10 10 10
00 00 11 10 00 00 10 10 10
1 00 00 O 10 10 10 10 00
060 11 00 O00 10 10 10 10 00
060 00 11 00 10 10 10 10 00
1 00 00 O 10 10 10 00 10
060 11 00 00 10 10 10 00 10
060 00 11 00 10 10 10 00 10
1100 00 O 10 00 10 10 10
060 11 00 00 10 00 10 10 10
00 00 11 00 10 00 10 10 10
11 00 00 O 00 10 10 10 10
060 11 00 00 00 10 10 10 10
00 00 11 00 00 10 10 10 10

IC-Ia  -Ib IA-Ic -IC 0

Ic-IB 0 -Ic Ib-IC  -Ib 0
IA-Ic Ib-IC -Ib 0
-Ic IB+Ib 0 IA-Ib

0 -la-IC -Ib -Ic
0 IB-la IA-Ib -Ic
-IB 0 0 IB-la -Ib IA-Ic
Ic-IB  -Ic IA-la Ta+tIB O
Ic-IB  -Ic -la Ta-IC 0
Ic+IC IA-Ic  -la Ia-IC 0
-Ib  Ib-IB IA-Ia 0 Ta+IB
IA-Ib Ib+IC -la 0 Ia-1C
-Ib Ib-IB  -la 0 Ia-1C
-IB 0 IA-Ia IB-Ib -Ic
-1B 0 la -IC-Ib -Ic
-1B 0 -la IB-Ib IA-Ic
-IB IA-la -Ib IB-Ic
-IB -la IA-Ib IB-Ic
-IB -la -Ib -IC-Ic

0
0
0
-la 0 Ia-IB 0 IA-Ib IB+Ib
0
0
0

S O O O O O O O O OO O 00O o0 o0 o0 o0 o0 0 o000 o0 o0 o0 o0 o0 o o oo o o o oo
S O O O O O O O O O O O 0 o0 o0 o0 o0 0 o0 o0 o o o0 o0 oo o oo oo o o0
S O O O O O O 0O 0 O O O 0 0 0 0 0000 o0 o000 0 o0 o0 o0 o0 o0 o o o0

S O O O O o O o o o o o
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Table B.8: Switching device combinations for (Vap,Vic,Veoa) =

(+‘/cap,o,_‘/cap) and (V;zba‘/bc"/ca) = (+‘/cap’0a_‘/cap)~

States of switch cell Current through capacitor
Saa Sab Sac Spa Seb Spc Sca Scb Sce|Caa Cab Cac Cga Ceb Ce Cca Ccob Cee
employ single capacitor
1 01 00 O00 11 00 00 11 11 0 IAla O 0 0 0 0 0 0
1 01 00 O00 O00 11 00 11 11 0 IA-Ia O 0 0 0 0 0 0
11 01 00 00 11 11 00 11 00 0 IAla O 0 0 0 0 0 0
1 01 00 O00 11 11 00 00 11 0 IAla O 0 0 0 0 0 0
1 00 O O00 11 00 00 11 11 0 0 IAJa O 0 0 0 0 0
11 00 01 00 00 11 00 11 11 0 0 IAJa O 0 0 0 0 0
1 00 01 00 11 11 00 11 00 0 0 IAJa O 0 0 0 0 0
1 00 O O00 11 11 00 00 11 0 0 IAJa O 0 0 0 0 0
11 00 00 10 11 00 00 11 11 0 0 0 IAJa O 0 0 0 0
1 00 00 10 00 11 00 II 11 0 0 0 IAJa O 0 0 0 0
1 00 00 10 11 11 00 11 00 0 0 0 IA-Ja O 0 0 0 0
11 00 00 10 11 11 00 00 11 0 0 0 IAJa O 0 0 0 0
1 00 00 00 11 00 10 11 11 0 0 0 0 0 0 IAIa O 0
1 00 00 o0 O00 11 10 11 11 0 0 0 0 0 0 IAJa O 0
11 00 00 oO00 11 11 10 11 00 0 0 0 0 0 0 IAJa O 0
1 00 00 00 11 11 10 00 11 0 0 0 0 0 0 IAIa O 0
employ two capacitors
11 01 o1 00 11 00 00 11 00 0 Ib+IA Ic 0 0 0 0 0 0
1 01 o0 00 11 00 00 00 11 0 Ib-IB Ic-IC 0 0 0 0 0 0
1 01 o0 00 00 11 00 11 00 0 Ib-IC Ic-IB 0 0 0 0 0 0
11 01 01 00 00 11 00 00 11 0 Ib IA+lc O 0 0 0 0 0
00 01 00 10 11 00 00 11 11 0 IA 0 -la 0 0 0 0 0
00 01 00 10 O00 11 00 11 11 0 IA 0 -la 0 0 0 0 0
11 01 00 10 00 00 00 11 11 0 -laIC O -IB 0 0 0 0 0
00 01 00 10 11 11 00 11 00 0 IA 0 -la 0 0 0 0 0
00 01 00 10 11 11 00 00 11 0 IA 0 -la 0 0 0 0 0
11 01 00 10 00 11 00 11 00 0 IbIC 0 Ie-IB 0 0 0 0 0
1 01 00 10 00 11 00 00 11 0 Ib 0 IA+lc O 0 0 0 0
00 01 00 O00 11 00 10 11 11 0 1A 0 0 0 0 -la 0 0
00 01 00 00 OO0 11 10 11 11 0 1A 0 0 0 0 -la 0 0
00 01 00 O00 11 11 10 11 00 0 1A 0 0 0 0 -la 0 0
00 01 00 O00 11 11 10 00 11 0 IA 0 0 0 0 -la 0 0
11 01 00 00 11 00 10 00 11 0 Ib-IB 0 0 0 0 IeIC O 0
1 01 00 00 00 11 10 00 11 0 Ib 0 0 0 0 IA+lc O 0
1 01 00 o00 11 11 10 00 00 0 -la-IB O 0 0 0 -IC 0 0
00 00 01 10 11 00 00 11 11 0 0 IA -la 0 0 0 0 0
00 00 01 10 00 11 00 Il 11 0 0 IA -la 0 0 0 0 0
1 00 O 10 00 00 00 11 11 0 0 -laIC -IB 0 0 0 0 0
00 00 01 10 11 11 00 11 00 0 0 IA -la 0 0 0 0 0
00 00 01 10 11 11 00 00 11 0 0 IA -la 0 0 0 0 0
11 00 01 10 11 00 00 11 00 0 0 Ic IA+Ib O 0 0 0 0
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States of switch cell Current through capacitor
Saa Sab Sac Spa SBb SBe Sca Scb Sce|Caa Cav Cac Cpa Cpb Cpe Cca Ceb Cec
1 00 O 10 11 00 00 00 11 0 0 Ic-IC Ib-IB 0 0 0 0 0
00 00 O O00 11 00 10 11 11 0 0 IA 0 0 0 -la 0 0
00 00 O o00 O00 11 10 11 11 0 0 IA 0 0 0 -la 0 0
00 00 O O00 11 11 10 11 00 0 0 IA 0 0 0 -la 0 0
00 00 01 O00 11 11 10 00 11 0 0 IA 0 0 0 -la 0 0
11 00 o0 00 11 00 10 11 00 0 0 Ic 0 0 0 IA+Ib O 0
11 00 01 00 00 11 10 11 00 0 0 Ic-1B 0 0 0 IbIC O 0
11 00 o0l o00 11 11 10 00 00 0 0 -laIB 0 0 0 -IC 0 0
1 00 00 10 00 00 10 11 11 0 0 0 -IB 0 0 -ICIa O 0
11 00 00 10 11 00 10 00 11 0 0 0 Ib-IB O 0 IeIC O 0
11 00 00 10 00 11 10 11 00 0 0 0 Ie-IB 0 0 IbIC O 0
1 00 o00 10 11 11 10 00 00 0 0 0 -IBJla O 0 -IC 0 0
employ three capacitors
11 01 o0 10 00 00 00 11 00 0 IbIC Ic -1B 0 0 0 0 0
11 01 01 10 00 00 00 00 11 0 Ib IcIC -IB 0 0 0 0 0
00 01 O 10 11 00 00 11 00 0 IA-Ic Ic -la 0 0 0 0 0
00 01 01 10 00 11 00 11 00 0 Ib-IC -Ib-IB -la 0 0 0 0 0
00 01 01 10 11 00 00 00 11 0 -Ic-IB Ic-IC -la 0 0 0 0 0
00 01 O 10 00 11 00 00 11 0 Ib IAIb -la 0 0 0 0 0
11 01 o1 00 11 00 10 00 00 0 IbIB Ic 0 0 0 -IC 0 0
11 01 o0 00 00 11 10 00 00 0 Ib Ic-IB 0 0 0 -IC 0 0
00 01 O 00 11 00 10 11 00 0 IA-Ic Ic 0 0 0 -la 0 0
00 01 01 O00 11 00 10 00 11 0 Ib-IB -Ib-IC 0 0 0 -la 0 0
00 01 o0 O00 00 11 10 11 00 0 -Ic-IC Ic-IB 0 0 0 -la 0 0
00 01 o0 O00 00 11 10 00 11 0 Ib IAIb O 0 0 -la 0 0
00 01 00 10 00 00 10 11 11 0 1A 0 -IB 0 0 IBla O 0
00 01 00 10 11 00 10 00 11 0 1A 0 IC+Ib © 0 IeIC O 0
00 01 00 10 O00 11 10 11 00 0 1A 0 Ie-IB 0 0 IB+b O 0
11 01 00 10 00 00 10 00 11 0 Ib 0 -1B 0 0 IeIC O 0
00 01 00 10 11 11 10 00 00 0 1A 0 IC-la 0 0 -IC 0 0
11 01 00 10 00 11 10 00 00 0 Ib 0 Ie-IB 0 0 -IC 0 0
00 00 O 10 00 00 10 11 11 0 0 1A -IB 0 0 IBla O 0
00 00 O 10 11 00 10 00 11 0 0 IA°- bIB 0 0 IB+lc O 0
00 00 O 10 O00 11 10 11 00 0 0 IA Ic+IC 0 0 IbIC O 0
11 00 o0l 10 00 00 10 11 00 0 0 Ic -IB 0 0 IbIC O 0
00 00 O 10 11 11 10 00 00 0 0 IA° ICIa 0 0 -IC 0 0
1 00 O 10 11 00 10 00 00 0 0 Ice IbIB 0 0 -IC 0 0
employ four capacitors
1 01 o0l 10 00 00 10 00 00 0 Ib Ic -IB 0 0 -1C 0 0
00 01 O 10 00 00 10 11 00 0 IA-Ic Ic -IB 0 0 IBla O 0
00 01 O 10 00 00 10 00 11 0 Ib IA-Ib -IB 0 0 IBla O 0
00 01 O 10 11 00 10 00 00 0 IAIe Ic¢ ICIla O 0 -1C 0 0
00 01 O 10 00 11 10 00 00 0 Ib IAIb ICIa O 0 -IC 0 0
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Table B.9: Switching device combinations for (Vap,Vic,Veoa) =

(+‘/cap,o,_‘/cap) and (V;zba‘/bc"/ca) = (09+‘/capa_‘/;ap)~

States of switch cell

Current through capacitor

Saa Sab Sac Spa SBo SBe Sca Scb Sce|Caa Cap Cac Cpa Cpb Cie Cca Cob Cee
employ single capacitor
11 11 01 00 00 11 00 00 11 0 0 IA+Ic 0 0 0 0 0 0
1 11 00 10 00 11 00 00 11 0 0 0 IJTA+lc O 0 0 0 0
1 11 00 00 10 11 00 00 11 0 0 0 0 IA+lc O 0 0 0
11 11 00 00 00 11 10 00 11 0 0 0 0 0 0 IA+Ic 0 0
11 11 00 00 00 11 00 10 11 0 0 0 0 0 0 0 JA+lc O
employ two capacitors
11 11 01 10 00 00 00 00 11 0 0 IeIC -IB 0 0 0 0 0
00 11 o1 10 00 11 00 00 11 0 0 IA-Ib -la 0 0 0 0 0
11 11 01 00 10 00 00 00 11 0 0 IcIC 0 -IB 0 0 0 0
11 00 01 O00 10 11 00 00 11 0 0 IAJa O -Ib 0 0 0 0
1 11 o0r 00 O00 11 10 00 00 0 0 Ic-IB 0 0 -IC 0 0
00 11 01 00 00 11 10 00 11 0 0 IAIb O 0 -la 0 0
11 11 01 00 O00 11 00 10 00 0 0 Ic-IB 0 0 0 0 -IC 0
11 00 01 00 00 11 00 10 11 0 0 IAJa O 0 0 0 -Ib 0
11 00 00 10 10 11 00 00 11 0 0 0 IAJa -Ib 0 0 0 0
00 11 00 10 10 11 00 00 11 0 0 0 la IA-Ib O 0 0 0
1 11 00 10 00 00 10 00 11 0 0 0 -IB 0 0 Ic-IC 0 0
1 11 00 10 00 11 10 00 00 0 0 0 Ic-IB 0 0 -IC 0
11 00 00 10 00 11 00 10 11 0 0 0 IA-Ta 0 0 0 -Ib 0
00 11 00 10 00 11 00 10 11 0 0 0 -la 0 0 0 IA-Ib O
1 11 00 10 00 00 00 10 11 0 0 0 -IB 0 0 0 IIC O
11 11 00 10 00 11 00 10 00 0 0 0 Ic-IB 0 0 0 -IC 0
11 00 00 O00 10 11 10 00 11 0 0 0 0 -Ib 0 IAIa O 0
00 11 00 00 10 11 10 00 11 0 0 0 0 IA-Ib O -la 0 0
11 11 00 00 10 00 10 00 11 0 0 0 0 -IB 0 IeIC O 0
1 11 00 o000 10 11 10 00 00 0 0 0 0 IeIB 0 -IC 0 0
11 11 00 00 10 00 00 10 11 0 0 0 0 -IB 0 0 ILIC O
1 11 00 00 10 11 00 10 00 0 0 0 0 IeIB 0 0 -IC 0
11 00 00 00 O00 11 10 10 11 0 0 0 0 0 0 IA-Ia -Ib 0
00 11 00 00 00 11 10 10 11 0 0 0 0 0 0 -la IAIb 0
employ three capacitors
00 o0 oO01 10 10 11 00 00 11 0 0 IA -la -Ib 0 0 0
11 00 Ol 10 10 00 00 00 11 0 0 IcIC Ib-IB -Ib 0 0 0
00 11 o0 10 10 00 00 00 11 0 0 I IC -la IaIB O 0 0
1 11 01 10 00 00 10 00 00 0 0 Ic -IB 0 0 -IC 0 0
00 11 01 10 00 00 10 00 11 0 0 IAIb -IB 0 0 IBJla O 0
00 11 01 10 00 11 10 00 00 0 0 IAIb ICIa O 0 -IC 0 0
00 00 O 10 00 11 00 10 11 0 0 IA -la 0 0 0 -Ib 0
11 1 01 10 00 00 00 10 00 0 0 Ic -IB 0 0 0 -IC 0
11 00 01 10 00 00 00 10 11 0 0 -IC-Ia -IB 0 0 0 -Ib 0
00 11 o0 10 00 11 00 10 00 0 0 -Ib-IB -la 0 0 0 -IC 0
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States of switch cell

Current through capacitor

Saa Sab Sac Spa Spv SBe Sca Scb Sce|Caa Cap Cac CBa Cpy Cpe Cca Ccob Coe
00 00 o0 o00 10 11 10 00 11 0 0 IA 0 -Ib 0 -la 0 0
11 11 01 00 10 00 10 00 00 0 0 Ic 0 -IB 0 -IC 0 0
00 11 01 ©00 10 00 10 00 11 0 0 -ICIb 0 -IB 0 -la 0 0
11 00 o01 O00 10 11 10 00 00 0 0 -la-IB 0 -Ib 0 -IC 0 0
11 11 01 00 10 00 00 10 00 0 0 Ic 0 -IB 0 -IC 0
11 00 01 00 10 00 00 10 11 0 0 IAIa O -IB 0 IB-Ib 0
11 00 oO01 00 10 11 00 10 00 0 0 IAJa 0 ICIb O -IC 0
00 00 01 ©00 00 11 10 10 11 0 0 IA 0 0 0 -la -Ib 0
11 00 01 O00 00 11 10 10 00 0 0 Ic-IB 0 0 0 Ib-IC -Ib 0
00 11 01 00 O00 11 10 10 00 0 0 Ic-IB 0 0 0 -la TaIC 0O
11 00 00 10 10 00 10 00 11 0 0 0 Ib-IB -Ib 0 Ic-IC 0 0
00 11 00 10 100 00 10 00 11 0 0 0 Ib+IC IA-Ib 0 Ic-IC 0 0
11 00 00 10 10 11 10 00 00 0 0 0 -IB-Ia -Ib 0 -IC 0 0
00 11 00 10 10 11 10 00 00 0 0 0 IC-la IA-Ib O -IC 0 0
11 00 00 10 10 00 00 10 11 0 0 0 IA-Ja Ta+IC O 0 Ie-IC 0
00 11 00 10 10 00 00 10 11 0 0 0 -la Ia-IB 0 0 Ie-IC 0
11 00 00 10 10 11 00 10 00 0 0 0 IAJa ICIb O 0 -IC 0
00 11 00 10 10 11 00 10 00 0 0 0 -la -IB-Ib 0 0 -IC 0
11 00 00 10 00 00 10 10 11 0 0 0 -IB 0 0 -la-IC -Ib 0
00 11 00 10 00 00 10 10 11 0 0 0 -IB 0 0 IBla IAIb O
11 00 00 10 o00 11 10 10 00 0 0 0 Ic-IB 0 0 Ib-IC -Ib 0
00 11 00 10 00 11 10 10 00 0 0 0 Ic-1B 0 0 IB+Ib IA-Ib O
11 00 00 00 10 00 10 10 11 0 0 0 0 -IB 0 IA-la IB-Ib O
00 11 00 00 100 00 10 10 11 0 0 0 0 -IB 0 -la -IC-Ib 0O
11 00 00 o0 10 11 10 10 00 0 0 0 0 Ie-IB 0 IA-la Ia+IB O
00 11 00 00 10 11 10 10 00 0 0 0 0 Ie-IB 0 -la TaIC 0

employ four capacitors
00 o0 oO01 10 10 00 10 00 11 0 0 IA Ib-IB -Ib 0 IB+lc 0 0
00 00 Ol 10 10 11 10 00 00 0 0 IA IC-Ila -Ib 0 -IC 0 0
11 00 o0 10 10 00 10 00 00 0 0 Ic Ib-IB -Ib 0 -IC 0 0
00 11 o0 10 10 00 10 00 00 0 0 Ic IC-la Ia+tIA O -IC 0 0
00 00 Ol 10 10 00 00 10 11 0 0 IA la TaIB 0 0 IB+lc O
00 00 O 10 10 11 00 10 00 0 0 IA la ICIb 0 0 -IC 0
11 00 o0 10 10 00 00 10 00 0 0 Ic 1Ib+IA IC-Ib O 0 -IC 0
00 11 01 10 10 00 00 10 00 0 0 Ic la Ta-IB 0 0 -IC 0
00 00 01 10 00 00 10 10 11 0 0 IA -IB 0 0 IB-la -Ib 0
00 o0 O 10 o00 11 10 10 00 0 0 IA° IC+lc 0 0 Ib-IC -Ib 0
11 00 o0l 10 ©00 00 10 10 00 0 0 Ic -IB 0 0 IbIC -Ib 0
00 11 01 10 00 00 10 10 00 0 0 Ic -IB 0 0 IB-la Ia+tIA O
00 00 O O00 10 00 10 10 11 0 0 IA 0 -IB 0 -la IB-Ib 0
00 00 Ol O00 10 11 10 10 00 0 0 IA 0 IC+lc O -la TaIC 0O
11 00 01 00 10 00 10 10 00 0 0 Ic 0 -IB 0 Ib+IA IB-Ib O
00 11 01 00 10 00 10 10 00 0 0 Ic 0 -IB 0 -la TaIC 0O
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Table B.10: Switching device combinations for (Vag,Vec,Voa) =

(+‘/cap,o,_‘/cap) and (V;zba‘/bc"/ca) = (_‘/;ap,+‘/capa0)~

States of switch cell

Current through capacitor

Saa Sab Sac Sa Seb Spe Sca Scb Scc| Caa Cab Cac Ca Cpb Cge Cca Cecb Ccc
employ single capacitor
01 11 00 11 00 00 11 00 11 |IA-Ib O 0 0 0 0 0 0 0
or 11 00 o00 O00 11 11 00 11 [IA-Ib O 0 0 0 0 0 0 0
or 11 00 11 00 11 11 00 00 |IA-Ib O 0 0 0 0 0 0 0
01 11 00 11 00 11 00 00 11 |IA-Ib O 0 0 0 0 0 0 0
00 11 o01r 11 00 00 11 00 11 0 0 IAIb O 0 0 0 0 0
00 11 0L ©00 O00 11 11 00 11 0 0 IAIb O 0 0 0 0 0
00 11 o01r 11 00 11 11 00 00 0 0 IAIb O 0 0 0 0 0
00 11 o01r 11 00 11 00 00 11 0 0 IAIb O 0 0 0 0 0
00 11 00 11 10 00 11 00 11 0 0 0 0 IAIb O 0 0 0
00 11 00 o00 10 11 11 00 11 0 0 0 0 IA-Ib O 0 0 0
00 11 00 11 10 11 11 00 00 0 0 0 0 IA-Ib O 0 0 0
00 11 00 11 10 11 00 00 11 0 0 0 0 IAIb O 0 0 0
00 11 00 11 00 00 11 10 11 0 0 0 0 0 0 0 IA-Ib O
00 11 00 O00 O00 11 11 10 11 0 0 0 0 0 0 0 IA-Ib O
00 11 00 11 00 11 11 10 00 0 0 0 0 0 0 0 IA-Ib O
00 11 00 11 00 11 00 10 11 0 0 0 0 0 0 0 IA-Ib O
employ two capacitors
or 11 0L 11 00 00 11 00 00 [la+IA O Ic 0 0 0 0 0 0
01 11 01 11 00 00 00 00 11 | Ia-IB 0 IcIC 0 0 0 0 0 0
or 11 o0 o00 O00 11 11 00 00 [[a-IC O Ic-IB O 0 0 0 0 0
or 11 0l 00 O00 11 00 00 11 Ia 0 IA+lc O 0 0 0 0 0
or 00 00 11 10 00 11 00 11 1A 0 0 0 -Ib 0 0 0 0
or 00 00 O00 10 11 11 00 11 1A 0 0 0 -Ib 0 0 0 0
or 11 00 00 10 00 11 00 11 [-Ib-IC O 0 0 -IB 0 0 0 0
or 00 00 11 10 11 11 00 00 1A 0 0 0 -Ib 0 0 0 0
or 00 00 11 10 11 00 00 11 1A 0 0 0 -Ib 0 0 0 0
or 11 00 00 10 11 11 00 00 |Ia-IC O 0 0 IeIB 0 0 0 0
or 11 00 O00 10 11 00 00 11 Ia 0 0 0 IA+lc O 0 0 0
or 00 00 11 00 00 11 10 11 1A 0 0 0 0 0 0 -Ib 0
0ol 00 00 O00 00 11 11 10 11 1A 0 0 0 0 0 0 -Ib 0
or 00 00 11 00 11 11 10 00 1A 0 0 0 0 0 0 -Ib 0
or 00 00 11 00 11 00 10 11 1A 0 0 0 0 0 0 -Ib 0
or 11 00 11 00 00 00 10 11 [IaIB O 0 0 0 0 0 IcIC 0
or 11 00 00 00 11 00 10 11 Ia 0 0 0 0 0 0 IA+lc O
or 11 00 11 00 11 00 10 00 [-Ib-IB O 0 0 0 0 0 -IC 0
00 00 Ol 11 10 00 11 00 11 0 0 1A 0 -Ib 0 0 0 0
00 00 O o00 10 11 11 00 11 0 0 1A 0 -Ib 0 0 0 0
00 11 01 00 10 00 11 00 11 0 0 -IC-Ib 0 -IB 0 0 0 0
00 00 Ol 11 10 11 11 00 00 0 0 1A 0 -Ib 0 0 0 0
00 00 O1 11 10 11 00 00 11 0 0 1A 0 -Ib 0 0 0 0
00 11 o0 11 10 00 11 00 00 0 0 Ic 0 IA+la O 0 0 0
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States of switch cell

Current through capacitor

Saa Sav Sac Spa Sb Spc Sca Scv Sce| Caa Capr Cac Cpa Cpp Cpe Cca Ccb Ccc
00 11 o01r 11 10 00 00 00 11 0 0 IeIC 0 IaIB O 0 0 0
00 00 01 11 00 00 11 10 11 0 0 1A 0 0 0 0 -Ib 0
00 00 O o00 O00 11 11 10 11 0 0 1A 0 0 0 0 -Ib 0
00 00 O 11 00 11 11 10 00 0 0 1A 0 0 0 0 -Ib 0
00 00 01 11 00 11 00 10 11 0 0 1A 0 0 0 0 -Ib 0
00 11 01 11 00 00 11 10 00 0 0 Ic 0 0 0 0 TA+la O
00 11 0L 00 00 11 11 10 00 0 0 Ie-IB O 0 0 0 IIC 0
00 11 01 11 00 11 00 10 00 0 0 -IB-Ib O 0 0 0 -IC 0
00 11 00 O00 10 00 11 10 11 0 0 0 0 -IB 0 0 -ICIb O
00 11 00 11 10 00 00 10 11 0 0 0 0 IaIB O 0 IeIC O
00 11 00 O00 10 11 11 10 00 0 0 0 0 IeIB O 0 IaIC O
00 11 00 11 10 11 00 10 00 0 0 0 0 -IbIB 0 0 -IC 0

employ three capacitors
o1 11 01 o000 10 00 11 00 00 |IaIC O Ic 0 -IB 0 0 0 0
or 11 01 00 10 00 00 00 11 Ia 0 IeIC O -IB 0 0 0 0
0or o0 O 11 10 00 11 00 00 [IA-Ic O Ic 0 -Ib 0 0 0 0
0ol o0 o1 o00 10 11 11 00 00 |IaIC O -la-IB O -Ib 0 0 0 0
or o0 oO1 11 10 00 00 00 11 |[-Ic-IB O IcIC O -Ib 0 0 0 0
or o0 O O00 10 11 00 00 11 Ia 0 IAIa O -Ib 0 0 0 0
01 11 01 11 00 00 00 10 00 |IaIB O Ic 0 0 0 0 -IC 0
or 11 0L 00 O00 11 00 10 00 Ia 0 Ie-IB O 0 0 0 -IC 0
0or o0 O 11 00 00 11 10 00 [IAIc O Ic 0 0 0 0 -Ib 0
01 o0 o1 11 00 00 00 10 Il |IaIB O -laIC O 0 0 0 -Ib 0
0or o0 o0 o00 O00 11 11 10 00 |[-IcIC O Ic-IB O 0 0 0 -Ib 0
or 00 O 00 00 11 00 10 11 Ia 0 IAIa O 0 0 0 -Ib 0
0l 00 00 00 10 00 11 10 11 1A 0 0 0 -IB 0 0 IBIb O
0or 00 00 11 10 00 00 10 11 1A 0 0 0 IC+la O 0 IIC O
or 00 00 O00 10 11 11 10 00 1A 0 0 0 IIB 0 0 IB+la O
01 11 00 00 10 00 00 10 11 Ia 0 0 0 -IB 0 0 IeIC O
or 00 00 11 10 11 00 10 00 1A 0 0 0 ICIb 0 0 -IC 0
or 11 00 00 10 11 00 10 00 Ia 0 0 0 IIB 0 0 -IC 0
00 00 01 O00 10 00 11 10 11 0 0 1A 0 -IB 0 0 1IBIb O
00 00 O 11 10 00 00 10 11 0 0 1A 0 ILIB O 0 IB+lc O
00 00 O O00 10 11 11 10 00 0 0 1A 0 IC+lc O 0 IIC 0
00 11 01 O00 10 00 11 10 00 0 0 Ic 0 -IB 0 0 IaIC O
00 00 O 11 10 11 00 10 00 0 0 1A 0 ICIb O 0 -IC 0
00 11 o0 11 10 00 00 10 00 0 0 Ic 0 IaIB O 0 -IC 0
employ four capacitors
or 11 0L 00 10 00 00 10 00 Ia 0 Ic 0 -IB 0 0 -IC 0
0or 00 O 00 10 00 11 10 00 [IAIc O Ic 0 -IB 0 0 IBIb O
0l 00 01 00 10 00 00 10 11 Ia 0 IAJa O -IB 0 0 IBIb O
0or 00 O 11 10 00 00 10 00 [IAIc O Ic 0 ICIb O 0 -IC 0
or o0 O 00 10 11 00 10 00 Ia 0 IAJa 0 ICIb O 0 -IC 0
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Table B.11: Switching device combinations for (Vag,Vec,Voa) =

(+‘/cap,o,_‘/cap) and (V;zba‘/bc"/ca) = (_‘/;ap,o,+‘/::ap)~

States of switch cell

Current through capacitor

Saa Sab Sac Sa Spb Spe Sca Scb Sce| Caa Cab Cac Cpa Cb Cge Cca Ccb Coc
employ single capacitor
or 11 11 11 00 00 11 00 00 |[IA+Ia O 0 0 0 0 0 0 0
00 11 11 11 10 00 11 00 00 0 0 0 0 IA+la O 0 0 0
o0 11 11 11 00 10 11 00 00 0 0 0 0 0 IA+la O 0 0
00 11 11 11 00 00 11 10 00 0 0 0 0 0 0 0 IA+la O
00 11 11 11 00 00 11 00 10 0 0 0 0 0 0 0 0 IA+la
employ two capacitors
0or 11 11 00 10 00 11 00 00 |IaIC O 0 0 -IB 0 0 0 0
or o0 11 11 10 00 11 00 00 [IA-Ic O 0 0 -Ib 0 0 0 0
o1 11 11 00 00 10 11 00 00 |IaIC O 0 0 0 -1B 0 0 0
01 11 00 11 00 10 11 00 00 |IA-Ib O 0 0 0 -Ic 0 0 0
or 11 11 11 00 00 00 10 00 |Ia-IB O 0 0 0 0 -IC 0
o1 o0 11 11 00 00 11 10 00 |IA-Ic O 0 0 0 0 -Ib 0
01 11 11 11 00 00 00 00 10 |Ia-IB O 0 0 0 0 0 0 -IC
or 11 00 11 00 00 11 00 10 [IA-Ib O 0 0 0 0 0 0 -Ic
00 11 00 11 10 10 11 00 00 0 0 0 0 IA-Ib -Ic 0 0 0
00 o0 11 11 10 10 11 00 00 0 0 0 0 -Ib IA-Ie 0O 0 0
00 11 11 00 10 00 11 10 00 0 0 0 0 -IB 0 0 Ia-IC 0
00 11 11 11 10 00 00 10 00 0 0 0 0 IaIB 0 0 -IC
00 11 00 11 10 00 11 00 10 0 0 0 0 IA-Ib O 0 0 -Ic
00 00 11 11 10 00 11 00 10 0 0 0 0 -Ib 0 0 0 IA-Ic
o0 11 11 00 10 00 11 00 10 0 0 0 0 -IB 0 0 0 Ia-IC
o0 11 11 11 10 00 00 00 10 0 0 0 0 Ia-IB 0 0 0 -IC
00 11 00 11 00 10 11 10 00 0 0 0 0 0 -Ic 0 IA-Ib O
00 00 11 11 00 10 11 10 00 0 0 0 0 0 IAlc O -Ib 0
00 11 11 00 00 10 11 10 00 0 0 0 0 0 -IB 0 IaIC 0
00 11 11 11 00 10 00 10 00 0 0 0 0 0 la-IB 0 -IC 0
00 11 11 00 00 10 11 00 10 0 0 0 0 0 -IB 0 0 Ia-IC
00 11 11 11 00 10 00 00 10 0 0 0 0 0 Ia-IB 0 0 -1C
00 11 00 11 00 00 11 10 10 0 0 0 0 0 0 0 IA-Ib -Ic
00 00 11 11 00 00 11 10 10 0 0 0 0 0 0 0 -Ib IA-Ie
employ three capacitors
or 00 00 11 10 10 11 00 00 1A 0 0 0 -Ib -Ic 0 0
o1 11 00 00 10 10 11 00 00 |IaIC O 0 0 IcIB -l 0 0
o0 o0 11 00 10 10 11 00 00 |IaIC O 0 0 -Ib Ib-IB 0 0 0
or 11 11 00 10 00 00 10 00 Ia 0 0 0 -IB 0 0 -IC 0
o1l o0 11 00 10 00 11 10 00 |IA-Ic O 0 0 -IB 0 0 IBIb O
01 o0 11 11 10 00 00 10 00 |IA-Ic O 0 0 ICIb O 0 -1C 0
or 00 00 11 10 00 11 00 10 1A 0 0 0 -Ib 0 0 0 -Ic
o1 11 11 00 10 00 00 00 10 Ia 0 0 0 -IB 0 0 0 -IC
01 11 00 00 10 00 11 00 10 |-Ib-IC O 0 0 -IB 0 0 0 -Ic
or o0 11 11 10 00 00 00 10 |-Ic-IB O 0 0 -Ib 0 0 0 -IC
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States of switch cell

Current through capacitor

Saa Sab Sac Spa SBb SBe Sca Scb Sce| Caa Cab Cac CBa Cv Cge Cca Ccbv Ccc
or 00 00 11 00 10 11 10 00 1A 0 0 0 0 -Ic 0 -Ib 0
or 11 11 00 00 10 00 10 00 Ia 0 0 0 0 -IB 0 -IC 0
0or 00 11 00 00 10 11 10 00 [-Ic-IC O 0 0 0 -IB 0 -Ib 0
or 11 00 11 00 10 00 10 00 [-Ib-IB O 0 0 0 -Ic 0 -IC 0
or 11 11 00 00 10 00 00 10 Ia 0 0 0 0 -IB 0 -IC
or 11 00 00 00 10 11 00 10 |[IA-Ib O 0 0 0 -IB 0 IB-Ic
or 11 00 11 00 10 00 00 10 [IA-Ib O 0 0 0 IC-Ic 0 -IC
o1 00 00 11 00 00 11 10 10 1A 0 0 0 0 0 0 -Ib -Ic
or 11 00 11 00 00 00 10 10 [IaIB O 0 0 0 0 0 IcIC -Ic
0or o0 11 11 00 00 00 10 10 |[Ia-IB O 0 0 0 0 0 -Ib  Ib-IC
00 11 00 00 10 10 11 10 00 0 0 0 0 IIB -Ic 0 IaIC 0
00 00 11 00 10 10 11 10 00 0 0 0 0 IC+lc IA-Ice 0 IaIC 0
00 11 00 11 10 10 00 10 00 0 0 0 0 -Ib-IB -Ic 0 -IC 0
00 00 11 Il 10 10 00 10 00 0 0 0 0 ICIb IA-Ic O -IC 0
00 11 00 00 10 10 11 00 10 0 0 0 0 IA-Ib Ib+IC 0 0 Ia-IC
00 00 11 00 10 10 11 00 10 0 0 0 0 -Ib Ib-IB 0 0 Ia-IC
00 11 00 11 10 10 00 00 10 0 0 0 0 IA-Ib ICIc 0 0 -IC
00 00 11 11 10 10 00 00 10 0 0 0 0 -Ib -Ie-IB 0 0 -IC
00 11 00 00 10 00 11 10 10 0 0 0 0 -IB 0 0 -ICIb -Ic
00 00 11 00 10 00 11 10 10 0 0 0 0 -IB 0 0 IB-Ib IA-Ic
00 11 00 11 10 00 00 10 10 0 0 0 0 Ia-IB 0 0 IcIC -Ic
00 00 II 11 10 00 00 10 10 0 0 0 0 Ia-IB 0 0 IB+lc IA-Ic
00 11 00 00 O00 10 11 10 10 0 0 0 0 0 -IB 0 IA-Ib IB-Ic
00 00 11 00 O00 10 11 10 10 0 0 0 0 0 -IB 0 -Ib  -IC-Ic
00 11 00 11 00 10 00 10 10 0 0 0 0 0 Ia-IB 0 IA-Ib IB+Ib
00 00 11 11 00 10 00 10 10 0 0 0 0 0 la-IB 0 -Ib  Ib-IC

employ four capacitors

or 00 00 O00 10 10 11 10 00 1A 0 0 0 Ie-IB -Ic 0 IB+la O
o1 00 00 11 10 10 00 10 00 1A 0 0 0 ICIb -Ic 0 -IC 0
or 11 00 00 10 10 00 10 00 Ia 0 0 0 IIB -Ic 0 -IC 0
or 00 11 00 10 10 00 10 00 Ia 0 0 0 IC-Ib Ib+IA 0 -IC 0
0or 00 00 11 10 10 00 00 10 1A 0 0 0 -Ib ICIc 0 0 -IC
or 00 00 00 10 10 11 00 10 1A 0 0 0 -Ib Ib-IB 0 0 IB+la
or 11 00 00 10 10 00 00 10 Ia 0 0 0 Ic+lA ICIc 0 0 -IC
o1 00 11 00 10 10 00 00 10 Ia 0 0 0 -Ib Ib-IB 0 0 -IC
0oL 00 00 00 10 00 11 10 10 1A 0 0 0 -IB 0 0 IBIb -Ic
or 00 00 11 10 00 00 10 10 1A 0 0 0 IC+la O 0 Ic-IC -Ic
or 11 00 00 10 00 00 10 10 Ia 0 0 0 -IB 0 0 ILcIC -Ic
0or 00 11 00 10 00 00 10 10 Ia 0 0 0 -IB 0 0 IB-Ib Ib+IA
or 00 00 00 00 10 11 10 10 1A 0 0 0 0 -IB 0 -Ib  IB-Ic
0or 00 00 11 00 10 00 10 10 1A 0 0 0 0 IC+la O -Ib  Ib-IC
01 11 00 00 00 10 00 10 10 Ia 0 0 0 0 -IB 0 Ic+IA IB-Ic
or 00 11 00 00 10 00 10 10 Ia 0 0 0 0 -IB 0 -Ib  Ib-IC
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Table B.12: Switching device combinations for (Vag,Vec,Voa) =

(+‘/cap,o,_‘/cap) and (V;zba‘/bc"/ca) = (Oa_‘/cap’—i_v::ap)'

States of switch cell

Current through capacitor

Saa Sab Sac Spa SBv SBc Sca Scb Sce| Caa Cab Cac Cpa Cpb Cpe Cca Cob Ccc
employ single capacitor
01 00 11 11 00 00 11 11 00 | IA-Ic 0 0 0 0 0 0 0 0
0r o0 11 00 11 00 11 Il 00 [IAIc O 0 0 0 0 0 0 0
0or 00 11 11 11 00 11 00 00 [IAIc O 0 0 0 0 0 0 0
01 00 11 11 11 00 00 11 00 | IA-Ic 0 0 0 0 0 0 0 0
00 01 11 11 00 00 11 11 00 0 IAIc O 0 0 0 0 0 0
00 01 11 00 11 00 11 11 00 0 IAIc O 0 0 0 0 0 0
00 01 11 11 11 00 11 00 00 0 IAIc O 0 0 0 0 0 0
o0 01 11 11 11 00 00 Il 00 0 IAIc O 0 0 0 0 0 0
00 00 11 11 00 10 11 11 00 0 0 0 0 IAILc O 0 0
00 00 11 00 11 10 11 11 00 0 0 0 0 0 IAIc O 0 0
00 o0 11 11 11 10 11 00 00 0 0 0 0 0 IAIc O 0 0
00 00 11 11 11 10 00 11 00 0 0 0 0 0 IAILc O 0 0
00 00 11 11 00 00 11 11 10 0 0 0 0 0 0 0 0 IA-Ic
00 00 11 00 11 00 11 Il 10 0 0 0 0 0 0 0 0 IA-Ic
00 00 11 11 11 00 11 00 10 0 0 0 0 0 0 0 0 IA-Ic
00 00 11 11 11 00 00 Il 10 0 0 0 0 0 0 0 0 IA-Ic
employ two capacitors

0or 01 11 11 00 00 11 00 00 [IA+la 1Ib 0 0 0 0 0 0 0
01 01 11 11 00 00 00 11 00 |Ia-IB Ib-IC O 0 0 0 0 0 0
0or o1 11 00 11 00 11 00 00 [Ia-IC Ib-IB O 0 0 0 0 0 0
0r 01 11 00 11 00 00 11 00 la TA+Ib O 0 0 0 0 0 0
0r 00 o00 11 00 10 11 11 00 1A 0 0 0 0 -Ic 0 0 0
0r 00 00 00 11 10 11 11 00 1A 0 0 0 0 -Ic 0 0 0
0r 00 11 00 00 10 11 Il 00 [-IcIC O 0 0 0 -IB 0 0 0
0r 00 o00 11 11 10 11 00 00 1A 0 0 0 0 -Ic 0 0 0
0r o0 o00 11 11 10 00 11 00 1A 0 0 0 0 -Ic 0 0 0
0r 00 11 00 11 10 11 00 00 |IaIC 0 0 0 0 Ib-IB 0 0 0
0r 00 11 00 11 10 00 11 00 Ia 0 0 0 0 JA+Ib 0 0 0
0r 00 o00 11 00 00 11 11 10 IA 0 0 0 0 0 0 0 -Ic
0L 00 00 00 11 00 11 11 10 1A 0 0 0 0 0 0 0 -Ic
0r 00 O00 11 11 00 11 00 10 IA 0 0 0 0 0 0 0 -Ic
0r 00 o00 11 11 00 00 Il 10 1A 0 0 0 0 0 0 0 -Ic
0r 00 11 11 00 00 00 Il 10 |Ia-IB 0 0 0 0 0 0 0 Ib-IC
0r 00 11 00 11 00 00 Il 10 Ia 0 0 0 0 0 0 0 IA+Ib
0or o0 11 11 11 00 00 00 10 [-Ic-IB O 0 0 0 0 0 0 -1C
00 01 00 11 00 10 11 11 00 0 1A 0 0 0 -Ic 0 0 0
00 01 00 00 11 10 11 11 00 0 1A 0 0 0 -Ic 0 0 0
00 01 11 00 00 10 11 11 00 0 -l IC 0 0 0 -IB 0 0 0
00 01 00 11 11 10 11 00 00 0 1A 0 0 0 -Ic 0 0 0
00 01 o00 11 11 10 00 11 00 0 1A 0 0 0 -Ic 0 0 0
00 01 11 11 00 10 11 00 00 0 Ib 0 0 0 IA+la O 0 0
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States of switch cell

Current through capacitor

Saa Sab Sac SBa SBb SBe Sca Scv Sce| Caa Cab Cac Cpa Cy Ce Cca Ceob Ccec
o0 01 11 11 00 10 00 11 00 0 IbIC O 0 0 IaIB O 0 0
060 01 00 11 00 00 11 11 10 0 1A 0 0 0 0 0 0 -Ic
00 01 00 00 11 00 11 11 10 0 1A 0 0 0 0 0 0 -Ic
00 01 00 11 11 00 11 00 10 0 1A 0 0 0 0 0 0 -Ic
060 o1 00 11 11 00 00 11 10 0 1A 0 0 0 0 0 0 -Ic
00 01 11 11 00 00 11 00 10 0 Ib 0 0 0 0 0 0 TA+la
00 01 11 00 11 00 11 00 10 0 Ib-IB 0 0 0 0 0 0 [Ia-IC
060 o1 11 11 11 00 00 00 10 0 -IcIB O 0 0 0 0 0 -IC
00 00 11 00 O00 10 11 11 10 0 0 0 0 -IB 0 0 -IC-Ic
00 00 11 11 00 10 00 Il 10 0 0 0 0 0 IaIB O 0 Ib-IC
060 00 11 00 11 10 11 00 10 0 0 0 0 0 Ib-IB O 0 Ia-IC
00 00 11 11 11 10 00 00 10 0 0 0 0 0 -IcIB O 0 -1C

employ three capacitors
01 o1 11 00 00 10 11 00 00 |IaIC Ib 0 0 0 -1B 0 0 0
0r 01 11 00 00 10 00 11 00 Ia IbIC O 0 0 -IB 0 0 0
0r o1 o00 11 00 10 11 00 00 [IA-Ib Ib 0 0 0 -Ic 0 0 0
0or o1 00 O00 11 10 11 00 00 |Ia-IC -la-IB O 0 0 -Ic 0 0 0
0r 01 o00 11 00 10 00 11 00 [-Ib-IB Ib-IC O 0 0 -Ic 0 0 0
0r o1 00 00 11 10 00 11 00 la IA-Ia O 0 0 -Ic 0 0 0
01 o1 11 11 00 00 00 00 10 |Ia-IB Ib 0 0 0 0 0 0 -IC
0or 01 11 00 11 00 00 00 10 la Ib-IB O 0 0 0 0 0 -IC
0r o1 00 11 00 00 11 00 10 [IA-Ib Ib 0 0 0 0 0 0 -Ic
0or o1 00 11 00 00 00 11 10 |Ia-IB -laIC O 0 0 0 0 0 -Ic
0r 01 00 00 11 00 11 00 10 [-IC-Ib Ib-IB O 0 0 0 0 0 -Ic
0r o1 00 00 11 00 00 Il 10 la IA-Ia O 0 0 0 0 0 -Ic
01 00 00 00 00 10 11 11 10 1A 0 0 0 0 -IB 0 0 IB-Ic
0r 00 O00 11 00 10 00 Il 10 1A 0 0 0 0 IC+la O 0 Ib-IC
0r 00 00 00 11 10 11 00 10 IA 0 0 0 0 Ib-IB 0 0 IB+la
01 o0 11 00 00 10 00 11 10 Ia 0 0 0 0 -IB 0 0 Ib-IC
0r 00 o00 11 11 10 00 00 10 1A 0 0 0 0 ICIc O 0 -IC
0r o0 11 00 11 10 00 00 10 Ia 0 0 0 0 Ib-IB 0 0 -IC
060 01 00 O 00 10 11 11 10 0 1A 0 0 0 -IB 0 0 IB-Ic
00 01 O00 11 00 10 00 11 10 0 1A 0 0 0 IaIB O 0 IB+Ib
o0 01 00 00 11 10 11 00 10 0 1A 0 0 0 IC+Ib O 0 [Ia-IC
060 01 11 00 00 10 11 00 10 0 Ib 0 0 0 -IB 0 0 Ia-IC
00 01 o00 11 11 10 00 00 10 0 1A 0 0 0 ICIc O 0 -1C
00 01 11 11 00 10 00 00 10 0 Ib 0 0 0 IaIB O 0 -IC
employ four capacitors

0r 01 11 00 00 10 00 00 10 Ia Ib 0 0 0 -IB 0 0 -IC
0r 01 00 00 00 10 11 00 10 [IA-Ib Ib 0 0 0 -IB 0 0 IB-Ic
01 01 00 00 00 10 00 11 10 la IAIa O 0 0 -IB 0 0 IB-Ic
0r 01 00 11 00 10 00 00 10 [IA-Ib Ib 0 0 0 ICIc O 0 -1C
0r o1 00 00 11 10 00 00 10 la IA-Ia O 0 0 IeIC 0 0 -IC
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Table B.13: Switching device combinations for (Vag,Vec,Voa) =

(+‘/cap,o,_‘/cap) and (V;zba‘/bc"/ca) = (+‘/cap’_‘/capa0)~

States of switch cell

Current through capacitor

Saa Sab Sac Sa Seb Spe Sca Scb Sce|Caa Cab Cac CBa Cgb Ce Cca Cob Cec
employ single capacitor
1 o1 11 00 11 00 00 11 00 0 IA+Ib O 0 0 0 0 0 0
11 o0 11 10 11 00 00 11 00 0 0 0 IA+Ib 0 0 0 0 0
11 00 11 00 11 10 00 11 00 0 0 0 0 0 IA+Ib O 0 0
1 00 11 00 11 00 10 11 00 0 0 0 0 0 0 IA+Ib O 0
11 00 11 00 11 00 00 11 10 0 0 0 0 0 0 0 0 IA+Ib
employ two capacitors
1 01 11 10 00 00 00 11 00 0 IbIC O -IB 0 0 0 0 0
00 o01 11 10 11 00 00 11 00 0 IA-Ie O -la 0 0 0 0 0
11 01 11 00 00 10 00 11 00 0 IbIC O 0 0 -IB 0 0 0
1 01 00 00 11 10 00 11 00 0 IA-Ia O 0 0 -Ic 0 0 0
11 o1 11 00 11 00 10 00 00 0 IbIB O 0 0 -IC 0 0
00 01 11 00 11 00 10 11 00 0 IAIe O 0 0 -la 0 0
11 o1 11 00 11 00 00 00 10 0 IbIB O 0 0 0 0 0 -IC
11 01 00 00 11 00 00 11 10 0 IA-la O 0 0 0 0 0 -Ic
11 00 00 10 11 10 00 11 00 0 0 0 IAJa O -Ic 0 0
00 o0 11 10 11 10 00 11 00 0 0 0 -la 0 IAILe O 0
11 00 11 10 00 00 10 11 00 0 0 0 -IB 0 0 IbiIC O
11 00 11 10 11 00 10 00 00 0 0 0 IbIB O 0 -IC 0
1 00 00 10 11 00 00 11 10 0 0 0 IA-Ia O 0 0 0 -Ic
00 00 11 10 11 00 00 11 10 0 0 0 -la 0 0 0 0 IA-Ic
11 00 11 10 00 00 00 11 10 0 0 0 -IB 0 0 0 0 Ib-IC
1 o0 11 10 11 00 00 00 10 0 0 0 IbIB O 0 0 0 -IC
11 00 00 00 11 10 10 11 00 0 0 0 0 0 e IA-la 0O 0
00 00 11 00 11 10 10 11 00 0 0 0 0 0 IAIc -la 0 0
1 o0 11 00 00 10 10 11 00 0 0 0 0 0 -IB Ib-IC 0O 0
11 00 11 00 11 10 10 00 00 0 0 0 0 0 Ib-IB -IC 0 0
11 00 11 00 00 10 00 11 10 0 0 0 0 0 -IB 0 0 Ib-IC
11 o0 11 00 11 10 00 00 10 0 0 0 0 0 Ib-IB 0 0 -1C
11 00 00 00 11 00 10 11 10 0 0 0 0 0 0 IA-Ia O -Ic
00 00 11 00 11 00 10 11 10 0 0 0 0 0 0 -la 0 IA-Ie
employ three capacitors
00 01 00 10 11 10 00 11 00 0 1A 0 -la 0 -Ic 0 0
11 01 00 10 00 10 00 11 00 0 IbIC 0 IcIB O -Ic 0 0
00 01 11 10 00 10 00 11 00 0 IbIC O -la 0 Ia-IB 0 0 0
11 o1 11 10 00 00 10 00 00 0 Ib 0 -IB 0 0 -IC 0 0
00 01 11 10 00 00 10 11 00 0 IAIe O -IB 0 0 IBJla O 0
00 o1 11 10 11 00 10 00 00 0 IAIe 0 ICIa O 0 -IC 0 0
00 01 00 10 11 00 00 11 10 0 1A 0 -la 0 0 0 0 -Ic
11 01 11 10 00 00 00 00 10 0 Ib 0 -IB 0 0 0 0 -IC
1 01 00 10 00 O00 00 11 10 0 -ICIa O -1B 0 0 0 0 -Ic
00 oO01 I 10 11 00 00 00 10 0 -IBIc O -la 0 0 0 0 -IC
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States of switch cell

Current through capacitor

Saa Sab Sac Spa SBb SBe Sca Scb Sce|Caa Cab Cac CBa Cpb CBe Cca Cob Ccc
00 01 00 O00 11 10 10 11 00 0 IA 0 0 0 -Ic -la 0 0
11 01 11 00 00 10 10 00 00 0 Ib 0 0 0 -IB -IC 0 0
00 01 11 00 00 10 10 11 00 0 -Ie-IC O 0 0 -IB -la 0 0
11 01 00 00 11 10 10 00 00 0 -IB-la O 0 0 -Ic -IC 0 0
11 01 11 00 00 10 00 00 10 0 Ib 0 0 0 -IB 0 -IC
1 01 00 00 00 10 00 11 10 0 IA-la O 0 0 -IB 0 IB-Ic
11 01 00 00 11 10 00 00 10 0 IA-la O 0 0 IC-Ic 0 -IC
00 01 00 O00 11 00 10 11 10 0 1A 0 0 0 0 -la 0 -Ic
1 01 00 00 11 00 10 00 10 0 IbIB O 0 0 0 IeIC 0 -Ic
00 01 11 00 11 00 10 00 10 0 IbIB O 0 0 0 -la 0 Ia-IC
11 00 00 10 00 10 10 11 00 0 0 0 IL-IB 0 e Ib-IC 0 0
00 00 11 10 O00 10 10 11 00 0 0 0 Ie+IC 0 IAIc Ib-IC O 0
11 00 o00 10 11 10 10 00 00 0 0 0 -IB-Ila 0 -Ic -IC 0 0
00 00 II 10 11 10 10 00 00 0 0 0 ICIla 0 IAIc -IC 0 0
11 00 00 10 00 10 00 11 10 0 0 0 ITAJa O Ia+IC O 0 Ib-IC
00 00 II 10 00 10 00 11 10 0 0 0 -la 0 Ia-IB 0 0 Ib-IC
11 00 00 10 11 10 00 00 10 0 0 0 IAJa O IC-Ic 0 0 -IC
00 00 11 10 11 10 00 00 10 0 0 0 -la 0 -IciIB 0 0 -IC
11 00 00 10 00 00 10 11 10 0 0 0 -IB 0 0 -laIC 0 -Ic
00 00 II 10 00 00 10 11 10 0 0 0 -IB 0 0 IBJIla 0 IA-Ic
11 00 00 10 11 00 10 00 10 0 0 0 Ib-IB 0 0 IeIC O -Ic
00 00 11 10 11 00 10 00 10 0 0 0 Ib-IB 0 0 1IB+lc 0 IA-Ic
11 00 00 00 00 10 10 11 10 0 0 0 0 0 -IB IA-la 0 IB-Ic
00 00 11 00 00 10 10 11 10 0 0 0 0 0 -IB -la 0 -IC-Ic
11 00 00 00 11 10 10 00 10 0 0 0 0 0 Ib-IB IA-la 0 Ia+IB
00 00 11 00 11 10 10 00 10 0 0 0 0 0 IbIB -la 0 [IaIC

employ four capacitors

00 01 00 10 00 10 10 11 00 0 IA 0 IIB 0 -Ic IB+Ib 0 0
00 01 00 10 11 10 10 00 00 0 1A 0 ICla 0 -Ic -IC 0 0
11 01 00 10 00 10 10 00 00 0 Ib 0 Ic-IB 0 -Ic -IC 0 0
00 01 I 10 00 10 10 00 00 0 Ib 0 ICla 0 Ia+IA -IC 0 0
00 01 00 10 O00 10 00 11 10 0 1A 0 -la 0 TIaIB 0 0 IB+Ib
00 01 00 10 11 10 00 00 10 0 1A 0 -la 0 IC-Ic 0 0 -IC
11 01 00 10 00 10 00 00 10 0 Ib 0 Ie+IA 0 IC-Ic 0 0 -IC
00 01 I 10 00 10 00 00 10 0 Ib 0 -la 0 IaIB 0 0 -IC
00 01 00 10 00 00 10 11 10 0 1A 0 -IB 0 0 IBla O -Ic
00 01 00 10 11 00 10 00 10 0 IA 0 IC+Ib 0 0 IeIC 0 -Ic
11 01 00 10 00 00 10 00 10 0 Ib 0 -IB 0 0 IcIC 0 -Ic
00 01 11 10 00 00 10 00 10 0 Ib 0 -IB 0 0 IB-la 0 IatIA
00 01 00 O00 00 10 10 11 10 0 1A 0 0 0 -IB -la 0 IB-Ic
00 01 00 O00 11 10 10 00 10 0 1A 0 0 0 IC+Ib -la 0 [IaIC
11 01 00 00 00 10 10 00 10 0 Ib 0 0 0 -IB Ie+lA 0 IB-Ic
00 o01 11 00 00 10 10 00 10 0 Ib 0 0 0 -IB -la 0 [Ia-IC
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Table B.14: Switching device combinations for (Vap,Vec,Voa) =

(0,4 Veap,—Veap) and (Vap, Ve, Vea) = (0,0,0).
p P

States of switch cell

C